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PREFACE

Saturday, 8 February 1969, was not the bitterly cold
day that often serves as a harbinger of a severe winter
snowstorm on New York’s Long Island. Instead, it was
generally sunny and cool, about 40�F(5�C). The weather
forecast that morning, though, provided a little bit of
encouragement to a 13-year-old snow fanatic: ‘‘Tomor-
row will be cloudy with rain OR SNOW likely.’’

I1 knew from experience that the probability of a big
snowstorm on Long Island was not very great because
of its close proximity to the relatively warm Atlantic
Ocean. I had already felt the crushing disappointment
when potentially major snowstorms became rainstorms,
and sure days off from school became days like all the
rest. My pessimism was reinforced by the local weather
reports on Saturday evening, indicating southeasterly
winds, a bad sign for impending snowstorms. As I went
to bed that night, I prepared myself for the usual dis-
appointment, since outdoor temperatures held well
above freezing and the wind continued to blow from
the ocean.

When I awakened the following morning, a strong
wind was whistling through the air-conditioning unit
that extended outside my room. This sound was not
enough to arouse me until I suddenly realized that the
glow emanating from the translucent shutters covering
my window was unusually bright for early morning. I
shot out of bed and flung open the shutters to discover
that the world outside was white. There wasn’t very
much accumulation on the ground yet, maybe an inch,
but the snow was falling fast and flying horizontally
from the northeast. A busy day lay ahead of me!

While my family still slept, I ran from window to
window to see how the storm was changing the envi-
ronment outside. I turned the radio on, only to become
annoyed at the weather forecasters’ insistences that the
snow would soon end. After a while, confidence in the
original forecasts eroded as the storm grew more and
more intense.

By late morning, my family awoke in astonishment
as they gazed out the window, wondering what to do
now that they knew the day would be spent inside. The
snow had picked up in intensity, falling at perhaps 1 or
2 inches (2.5 to 5 cm) per hour. Savoring every moment,
I felt victorious when the weather forecasters finally
succumbed to the storm and admitted that they didn’t
know how much more would fall or when the storm
would end. Then, the inevitable comparisons with ear-
lier blizzards began to pour forth from the radio and
TV.

1 Paul J. Kocin

The day wore on and snow continued to fall heavily.
The wind increased, making it difficult to determine how
much of the swirling snow outside was due to falling
snow versus snow blowing off the roof or from the
ground. Drifting snow eventually began to cover several
windows, making it more difficult to observe what was
obviously a great storm. As the drifts grew, it became
impossible to open the front door, and by evening, the
cars parked on the street appeared as white swells in
the sea of snow that covered the street. Tremendous
gusts of wind whistled through the house and actually
seemed to shake the foundation.

The snow finally ended in the middle of the night.
About 18 hours had passed since the time the early
forecasts indicated that the storm would cease. By morn-
ing, the only sound heard was that of an overworked
snowplow. Radio reports now documented the extent of
the storm. The entire New York City metropolitan area
was paralyzed. As several hundred cars became strand-
ed, scores of motorists spent a harrowing night on the
Tappan Zee Bridge north of New York City. Many other
motorists met similar fates on the myriad of roadways
throughout the metropolitan area that were littered with
stranded cars. Thousands more were stranded at airports
that remained closed anywhere from 1 to 2 days fol-
lowing the storm. Food was airlifted by helicopter to
Kennedy Airport to feed the weary travelers. Schools
closed on Monday and many didn’t reopen until Thurs-
day, Friday, or even the following Monday. Snowclear-
ing equipment was slow to be deployed in parts of the
New York City area and couldn’t keep up with the storm.
Some city streets remained unplowed many days after
the storm, creating a public furor. Dozens of deaths and
several hundred injuries were attributed to the storm
while millions of dollars were lost due to delayed or
lost business.

This particular snowstorm, and other similar storms
during the late 1950s and 1960s, provided the moti-
vation for the monograph that follows. Questions con-
cerning how these storms develop, what weather pat-
terns provide clues that foretell such events, and what
factors delineate snow/no snow situations, have chal-
lenged forecasters and researchers alike. This study is
our attempt at describing a phenomenon that has stirred
our curiosity, and provided countless hours of specu-
lation, entertainment, and, for those numerous false
alarms, profound disappointment. The disappointments
(i.e., those storms that changed to rain or veered harm-
lessly out to sea) will not be highlighted here. The great-
est snowstorms to affect the northeastern coast of the
United States during the 1950s, 1960s, 1970s, 1980s,
1990s, and the beginning of the 21st century will be
explored in the following chapters.
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Chapter 1

INTRODUCTION

The winter of 2002/03 was a reminder that winter
storms can have a powerful impact on the northeast
United States. Snow fell repeatedly from Halloween past
April Fools’ Day, capped off by the record-setting snow-
fall during the Presidents’ Day holiday of 16–17 Feb-
ruary 2003. Following several winters whose mild tem-
peratures and light or nonexistent snowfall might make
one believe that severe winters might be headed for
extinction, the harsh winter of 2002/03 was a throwback
to many of the famous and infamous winters and winter
storms that characterized the 20th century.

The 20th century has now come and gone, leaving a
legacy of memorable winters, snowstorms, and blizzards
in the northeast United States. For anyone growing up
in this region during the late 1950s and 1960s,1 one
could count on at least one ‘‘real good’’ snowstorm each
winter. As the 1960s ended, so did the apparent barrage
of winter storms that many Northeast residents had be-
come accustomed to. By the early 1990s, snowy winters
in the northeast United States seemed to be a relic of a
different climate regime. Coastal storms, with wind and
blinding snow, occurred during the 1970s and 1980s,
but only rarely. The winter of 1977/78 marked the last
‘‘great’’ winter to affect the East Coast, and an updated
version of this book was more likely to appear as a
Historical Monograph rather than as a Meteorological
Monograph. However, nature had several surprises left
up its sleeve with the approach of the 21st century.

During the early and middle 1990s, snow fell in quan-
tities rarely, if ever, observed in this part of the country.
The winters of 1992/93 and 1993/94 established new
seasonal snowfall records throughout New York, Penn-
sylvania, and New England, many of which were later
broken during the winter of 1995/96. Virtually all sea-
sonal snowfall records in many Northeast cities, some
that have stood since the 19th century, were broken.
When we talk about the snows of yesteryear, storms
such as the March 1993 ‘‘Superstorm’’ and the January
1996 ‘‘Blizzard of ’96’’ will become the benchmarks
with which storms in the 21st century will be compared,
just as such legendary snows as the ‘‘Blizzard of 1888,’’
New York City’s ‘‘big snow of 1947,’’ the ‘‘Appalachian
Storm’’ of November 1950, the snowstorms of the 1960/

1 Both authors grew up on Long Island, New York, during the 1950s
and 1960s.

61 winter, and the New England blizzard of February
1978 have served in that capacity.

The snowstorms of the 1990s and during the winter
of 2002/03 will become the memories for millions of
people, especially children, who will remember these
storms well into this century. Even though snow
‘‘droughts’’ dominated most winters since 1990, those
few winters during which the snow would not stop fall-
ing will likely lead future ‘‘old timers’’ to talk about
how ‘‘it doesn’t snow like it used to back when I was
a kid near the turn of the century.’’ It is also likely that
the severe winters of the early and middle 1990s and
2002/03 will inspire a new generation of future mete-
orologists and amateur weather observers from those
children who have now been drawn to one of the won-
ders of the atmosphere, the great Northeast winter snow-
storm. These emotions are felt by many who lived
through the 6–8 January Blizzard of 1996. Following
the blizzard, columnist Russell Baker (1996) captured
the spirit of the moment in an essay that appeared in
the New York Times:

What a Lovely Blizzard

‘‘Where are the snows of yesteryear?’’ asked the poet.
We can now tell him. The weekend blizzard, like the
snows of yesteryear, not only was wonderfully copious
but also, like those storms of childhood, brought adven-
ture for almost everybody.

This was not universally welcomed. There is something
alarming at first in being bullied by nature, in being told
that our airplanes are suddenly unable to take us to the
next stop down the road toward success and the well-
ordered life.

Discovering that our powerful automobiles are suddenly
useless, that a horse and buggy would be more useful
just now is alarming. We who have tamed the atom and
populated the once-lonely farmland with suburbs reach-
able only because our cars can go wherever we wish are
suddenly mocked by our powerlessness.

Some people can’t take that. In the Piedmont hills where
I enjoyed the blizzard, people with four-wheel drive cars
took their machines onto the highways despite terrifying
driving conditions. Some may have desperately needed
bread and milk, but many, I suspect, were simply boasting
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to nature and neighbors of their unstoppable machine
power.

Sudden destruction of the normal order had its virtues
this weekend. What after all is so delightful about being
strapped rigidly into the normal order?

Thomas Mann in ‘‘The Magic Mountain’’ observed that
time slows down when one escapes the normal order and
that life becomes more interesting and, because time has
slowed, longer. Fred Allen defined the normal order as
a ‘‘treadmill to oblivion.’’

This weekend there was not much normal order. You
could bow to the majesty of nature and enjoy it, or hate
it and sputter.

A friend of mine who had planned to drive a rental truck
loaded with furniture to a new house in North Carolina
this weekend had to give up after the first 30 miles. For-
tunately, he was near a warm hearth where he could
lodge until the weather settled down. This island of se-
curity happened to be his mother-in-law’s house.

She was delighted to have him and her daughter pay an
unscheduled visit, and they were cheered by the prospect
of settling in for a cozy few days until the normal order
resumed. The blizzard had elbowed them off a treadmill
and provided a gentle adventure.

Adventures are rare these days, even the gentle kind.
Everybody seems so busy making money or worrying
about being fired, or ‘‘downsized,’’ to use the corporate
euphemism, that we spend most of our lives staring at
the bottom line.

The bottom line—what a depressing metaphor with its
suggestion of the grave, that final accounting before law-
yers and heirs throw an iron wreath on Mr. Success and
divvy up the bounty.

Some spoilsport record-keeper can probably produce fig-
ures proving it is silly to call this weekend’s blizzard in
the East one of the great snows of yesteryear, and more
statistics to prove that the snows of yesteryear were not
worth raving about anyhow. Where would we be without
statistics to save us from life’s romantic pleasures?

I distinctly remember the great snow of—well, never mind
the year. I was 11 years old and mesmerized by a girl
named Gladys. All I remember now is her hair. It was
dark and long and thick and hung down in ringlets.

The snow of that yesteryear was the loveliest I ever saw.
Never had there been better sledding. We boys sledded
night after night until we knew it was past suppertime,
then, soaking wet, went home to scoldings for being late.
I persisted in coming late despite the scoldings, for I had
found that Gladys of the glorious ringlets, who had until
then been utterly unapproachable, loved sledding down-
hill at breakneck speed.

And ah, the beauty part: She had no sled, so had to be

content with piggyback rides with the boys. After a few
test runs, she must have decided that I had the fastest
sled of all. The woman was mine!

The snow melted too soon. Sledding stopped. I was moved
to another city far away and never saw Gladys again.
The memory of that snow has stayed with me ever since.
They haven’t made them like that for years, but this week-
end they came close.

While heavy snowstorms are clearly responsible for
major disruptions affecting many millions of individ-
uals, a great snowstorm can become a defining event in
people’s lives. This book is dedicated to those who are
mesmerized, for whatever the reason, by the beauty and
the incredible spectacle of nature that transforms the
order of everyday life into an ‘‘adventure’’ in a sea of
snow. The aesthetic appeal of snowstorms is shared by
many, who, overlooking the discomforts and hardships
such storms may yield, find the transformation of fa-
miliar surroundings into spectacular landscapes of white
and gray an exhilarating experience. The following ex-
cerpt of a poem by John Greenleaf Whittier captures
the strong emotions brought forth by these great snow-
and windstorms:

Snowbound

The sun that brief December day
Rose cheerless over hills of gray,
And, darkly circled, gave at noon
A sadder light than waning moon.

Slow tracing down the thickening sky
Its mute and ominous prophecy,

A portent seeming less than threat,
It sank from sight before it set.
A chill no coat, however stout,

Of homespun stuff could quite shut out,
A hard, dull bitterness of cold,

That checked, mid-vein, the circling race
Of life-blood in the sharpened face,
The coming of the snow-storm told.

The wind blew east; we heard the roar
Of Ocean on his wintry shore,

And felt the strong pulse throbbing there
Beat with low rhythm our inland air.

Meanwhile we did our nightly chores,
Brought in the wood from out of doors,
Littered the stalls, and from the mows

Raked down the herd’s-grass for the cows:
Heard the horse whinnying for his corn;

And, sharply clashing horn on horn,
Impatient down the stanchion rows
The cattle shake their walnut bows;
While, peering from his early perch

Upon the scaffold’s pile of birch,
The cock his crested helmet bent

And down his querulous challenge sent.
Unwarmed by any sunset light
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The gray day darkened into night,
A night made hoary with the swarm

And whirl-dance of the blinding storm,
As zigzag, wavering to and fro,

Crossed and recrossed the winged snow;
And ere the early bedtime came

The white draft piled the window-frame,
And through the glass the clothes-line posts

Looked in like tall and sheeted ghosts.

So all night long the storm roared on:
The morning broke without a sun;
In tiny spherule traced with lines

Of Nature’s geometric signs,
In starry flake, and pellicle

All day the hoary meteor fell;
And, when the second morning shone,

We looked upon a world unknown,
On nothing we could call our own.
Around the glistening wonder bent
The blue walls of the firmament,
No cloud above, no earth below,-

A universe of sky and snow!
The old familiar sights of ours

Took marvelous shapes;
Strange domes and towers

Rose up where sty or corn-crib stood,
Or garden-wall, or belt of wood;

A smooth white mound the brush-pile showed,
A fenceless drift what once was road.

1. Impact

Episodes of heavy snowfall are cause for concerns
that are larger in scope than the mere discomfort and
inconvenience of shoveling the driveway or walks. The
nation’s complex infrastructure of highways, city streets,
and local roads challenge the Department of Transpor-
tation, state agencies, and municipal governments to
effectively combat snowfall to allow safe transit and
maintain commerce (McKelvey 1995). Most people are
unaware of the significant efforts, in terms of both plan-
ning and expense, put forward by local and state agen-
cies devoted to snow removal and highway mainte-
nance.

There are few statistics directly relating cause and
effect between automobile accidents, injuries, and
deaths and snow- and ice storms. Statistics are kept
relating automobile deaths and injuries for certain road-
way and weather conditions that show a significant num-
ber of weather-related crashes occur with snow and ice.
For example, an average of more than 85,000 crashes
occurred each year (for the period 1995–2001), nation-
wide, resulting in at least one injury, when the pavement
was reported as either snowy and slushy or icy (L. Good-
win, Mitretek Systems, Inc., unpublished manuscript).
In addition, an average of more than 46,000 crashes
resulting in at least one injury occurred per year (1995–

2001) when snow was reported as ‘‘falling.’’ Fatality
statistics are kept by the Fatality Analysis and Reporting
System (FARS; information online at http://www-
fars.nhtsa.dot.gov/) and include reports of road condi-
tions in fatal traffic accidents, with separate observations
termed snowy, slushy, and ice and show that snowy or
ice-covered roads may have been factors in 10,164 fa-
talities between 1994 and 2001, an average of 1270
fatalities per year.

The combined effects of heavy snow, high winds, and
cold temperatures can be particularly debilitating and
pose a serious threat to safety in a heavily populated
and highly industrialized environment. Such is the case
along the northeast coast of the United States, a region
that extends roughly from Virginia to Maine and in-
cludes the densely populated metropolitan centers of
Washington, D.C.; Baltimore, Maryland; Philadelphia,
Pennsylvania; New York, New York; Boston, Massa-
chusetts; and dozens of smaller urban areas. This region
is commonly referred to as the ‘‘Northeast urban cor-
ridor’’ (see Fig. 1-1) and is home to nearly 50 million
people. Here, heavy snowfall associated with intense
coastal cyclones, often called nor’easters, may maroon
millions of people at home, at work, or in transit; se-
verely disrupt human services and commerce; and en-
danger the lives of those who venture outdoors. Snow-
storms have their greatest impact on transportation, be-
ing especially disruptive to automotive travel and to
aviation. Snowstorms have a particularly debilitating ef-
fect on aviation by causing widespread delays, airport
closings, and occasionally contributing to serious airline
accidents.2

These snowstorms can also have a long-term impact
on the nation’s economy. Examples include the snow-
storms of March 1993 and January 1996, which have
resulted in economic losses in the billions of dollars
(NCDC 2003) that rival those associated with major
hurricanes. In both of these instances, state and local
resources were unable to keep pace with the enormous
expenses incurred during each storm, and the Federal
Emergency Management Agency (FEMA) responded
with numerous disaster declarations, allowing federal
funds to be used in disaster relief. The Department of
Commerce measured a downturn in the economy fol-
lowing the March 1993 Superstorm. Some studies,3

based on economic indicators that are heavily weighted
by employment statistics, have also suggested that a
major snowstorm in the heavily populated Northeast
significantly influences the regional and the national
economies, since a major storm temporarily puts mil-

2 The 14 January 1982 Air Florida crash into the 14th St. Bridge
in Washington, D.C., occurred during a heavy snowstorm. Other mis-
haps, such as the 22 March 1992 crash at New York’s John F. Kennedy
International Airport and an aborted takeoff on 16 February 1996 at
New York’s LaGuardia Airport, are examples of snowfall’s threat to
aviation.

3 See the Liscio Report, January 31, 1993, Vol. 3, No. 3; February
2, 1994, Vol. 3, No. 4; and January 9, 1996, Vol. 5, No. 1.
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FIG. 1-1. This region is commonly referred to as the Northeast urban corridor and is home to nearly 50 million people.
Here, heavy snowfall associated with intense coastal cyclones known as ‘‘nor’easters’’ may maroon millions of people
at home, work, or in transit; severely disrupt human services and commerce; and endanger the lives of those who venture
outdoors.

lions of people out of work. Retail sales and housing
activity are also affected by heavy snows and severe
cold. These recent reports have suggested that the na-
tion’s economic strength was significantly weakened
following the major snowstorms in February 1978,
March 1993, and January and February 1994. During
the harsh winter of 1977/78, the economy slowed from
a 9% growth rate at either end of the winter season to
only 1% during the winter itself. Once severe weather
conditions eased, the economy rebounded significantly.

The occurrence of snowstorms is certainly not limited
to the northeast United States. Accordingly, there is an
increasing literature on the climatology and factors re-
sponsible for heavy snowfall for other regions of the
nation that are severely impacted by winter weather,
including the Front Range of the Rocky Mountains
(Dunn 1987, 1988, 1992; Howard and Tollerud 1988;
Rasmussen et al. 1992; Mahoney et al. 1995; Snook and
Pielke 1995; Wesley et al. 1995), the eastern and south-

eastern United States (Suckling 1991; Maglaras et al.
1995; Gurka et al. 1995; Keeter et al. 1995; Mote et al.
1997), the central United States (Younkin 1968; Mar-
witz and Toth 1993; Rauber et al. 1994; Gyakum 1987;
Weisman 1996), the western United States (Carpenter
1993; Ferber et al. 1993), and the Great Lakes (Niziol
1987; Niziol et al. 1995; Hjelmfelt 1990, 1992; Byrd et
al. 1991). However, there is little question that the im-
pact of heavy snowstorms in the Northeast urban cor-
ridor is huge, since, as will later be shown, the numbers
of people affected by these storms can be staggering.

2. The challenge of forecasting Northeast
snowstorms

Northeast snowstorms result from a complex inter-
action of physical processes that acts to organize a wide-
spread region of ascent, entrain large amounts of water
vapor necessary to produce heavy amounts of precipi-



C H A P T E R 1 5I N T R O D U C T I O N

tation, and supply a source of cold air that enables pre-
cipitation to reach the ground as snow. These physical
mechanisms are associated with cyclonic and anticy-
clonic weather systems that traverse the middle latitudes
and interact with the unique topography of the eastern
United States and adjacent waters. Topographical factors
that contribute to these weather systems include land–
ocean temperature and frictional contrasts; the influ-
ences of the Atlantic Ocean, Gulf of Mexico, and Great
Lakes in supplying moisture and on airmass modifica-
tion; the position of the Gulf Stream; and the effects of
the Appalachian Mountains on the low-level tempera-
ture and wind fields. This combination of factors favors
the northeastern United States and its offshore waters
as important sites for cyclogenesis (Petterssen 1956;
Klein and Winston 1958; Reitan 1974; Colucci 1976;
Sanders and Gyakum 1980; Hayden 1981; Roebber
1984) that can occasionally result in heavy snowfall in
the Northeast urban corridor.

The ability of weather forecasters to recognize and
account for the many elements that influence the de-
velopment and evolution of major snowstorms is crucial
for the accurate prediction of heavy snowfall in the
northeastern United States. Throughout much of the
20th century, attempts to forecast such storms have
yielded mixed results, at best. Prior to 1950, reliance
on hourly surface weather observations and an increas-
ing amount of upper-air data derived from synoptic-
scale rawinsonde balloon releases were the only means
for forecasting, which could be useful for cases involv-
ing preexisting storms that followed easily predictable
paths. However, suddenly developing storm systems
were often not predicted because the significant changes
in the prestorm environment could only be inferred from
observing the ‘‘synoptic scale’’ evolution of upper-level
features and approximating their interaction with lower-
tropospheric processes.

As examples, the severity of two of the most debil-
itating snowstorms in New York City’s history, the
March 1888 blizzard (Kocin 1983) and the city’s record
26.4-in. (66 cm) snow of December 1947, was virtually
unforecast, as described in later chapters. Even the ad-
vent of upper-air observing systems, satellite data, the
advances made in computer technology, and the devel-
opment of numerical weather prediction models during
the latter half of the 20th century provided no guarantee
of accurate forecasts for many important storms, in-
cluding the ‘‘Lindsay Storm’’ of February 1969, and the
February 1979 Presidents’ Day storm (Bosart 1981;
Uccellini et al. 1984, 1985, 1987; Atlas 1987). The pub-
lic’s lack of confidence in forecasters’ abilities to predict
such storms was, to some degree, sustained by continued
forecast deficiencies for major storm systems. These fac-
tors contributed to a public perception that these weather
systems were either unpredictable or that forecasters did
not know what they were doing, or both.

In the 1970s and 1980s, operational and research nu-
merical weather forecasts started having more success

in many heavy snow situations, as demonstrated by sim-
ulations of the intense New England snowstorm of Feb-
ruary 1978 (Brown and Olson 1978), the spring blizzard
of April 1982 (Kaplan et al. 1982), the ‘‘Megalopolitan’’
snowstorm of February 1983 (Sanders and Bosart 1985),
and a convective snow event in March 1984 (Kocin et
al. 1985). The failure of the operational forecast models
to adequately predict the February 1979 Presidents’ Day
storm served as a catalyst for research efforts that led
to improvements in the physical representation of
boundary layer and diabatic effects in numerical model
predictions. In more recent years, the quality of forecasts
of major cyclone events has improved markedly in the
24–48-h range, with useful prediction of storm systems
also made out to 3–5 days in advance (Uccellini et al.
1999). These advances are described in more detail in
chapter 8 and have culminated in dramatic improve-
ments in the forecasts of the timing, location, and in-
tensity of cyclogenesis since the late 1980s. As a result,
‘‘surprise’’ snowstorms that affect large areas are be-
coming a relatively rare event. Nevertheless, the mod-
ern, model-based forecast process is not infallible, as
demonstrated by the failure of many numerical predic-
tion models to predict a major East Coast snowstorm
on 24–25 January 2000 (Buizza and Chessa 2002;
Zhang et al. 2002; Bosart 2003).

Even with several examples of successful predictions
noted above, even good forecasts of major snowstorms
were not completely accurate. Forecasts that can be de-
scribed as successes, such as the operational numerical
model forecast of the 11–12 February 1983 Megalo-
politan snowstorm, the March 1993 Superstorm, and the
January 1996 Blizzard of ’96, contained flaws that were
significant. In the 1983 and 1996 storms, a major snow-
fall was predicted by forecasters several days in advance
for the middle Atlantic states, clearly a success. How-
ever, it was not clear in the early forecasts of each storm
whether the northward extent of excessive snowfall
amounts would reach New York City and southern New
England, a failure for both cases. In the case of the
March 1993 Superstorm, the prediction of heavy snow
and a major cyclone up to 5 days in advance was a
remarkable success. However, the rapid development of
the cyclone over the Gulf of Mexico was underforecast,
while the East Coast development was overforecast,
leading to a significant underestimation of the storm’s
strength over the Gulf of Mexico (Uccellini et al. 1995).
This forecast error minimized the expected impact of
the storm along the Gulf coast, especially in the state
of Florida, where damage was severe and dozens of lives
were lost. More recently, a snowstorm in December
2000 was accurately predicted for New York City and
much of New Jersey up to 5 days in advance, with heavy
snowfall amounts forecast 36 h before the snow began
falling. This success was tempered, however, by the
forecast of significant snowfall that never materialized
over Washington, D.C.; Baltimore; and portions of cen-
tral Pennsylvania, which were also warned of heavy
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snow. Therefore, even relatively exceptional model
forecasts still may contain seemingly small errors that
can have a profound impact on the accuracy of weather
forecasts that are released to the general population.

3. Basis for a snowstorm monograph

In view of the continuing need to improve our un-
derstanding of these storm systems, this two-volume
monograph provides an analysis of the horizontal and
vertical structures and evolution of many of the most
crippling snowstorms to affect the heavily populated
Northeast region during the 20th century. These snow-
storms are examined from historical, climatological,
synoptic, and dynamical perspectives.

It is not the intent of this monograph to introduce
detailed dynamical interpretations of each cyclone
event, as can be found in specialized diagnostic and
modeling studies of individual cases. The Genesis of
Atlantic Lows Experiment (GALE; Dirks et al. 1988),
the Canadian Atlantic Storms Program (CASP; Stewart
et al. 1987), and the Experiment on Rapidly Intensifying
Cyclones over the Atlantic (ERICA; Hadlock and
Kreitzberg 1988) have served as excellent sources of
specialized studies of cyclogenesis that address the rel-
ative importance of the various processes that influence
cyclone development along the east coast of the United
States.

Brandes and Spar (1971) attempted to define the nec-
essary conditions for heavy snowfall along the East
Coast using a composite approach. They found that
compositing failed to resolve antecedent patterns 12–
24 h prior to heavy snowfalls. Apparently, the synoptic-
and mesoscale features in the geopotential height and
wind fields that are important factors in the initial stages
of many snowstorms were overly smoothed by com-
bining many storm systems characterized by significant
case-to-case variability. This eliminates important sig-
nals that could be used to specify those conditions that
lead to Northeast snowstorms. Therefore, the approach
used in this monograph is based on sequences of con-
ventional weather charts and detailed descriptions of
individual storms. This method enables us to identify
patterns in the surface, lower-tropospheric, and upper-
tropospheric fields that precede and accompany the de-
velopment of heavy snowfall, to develop schematic di-
agrams that capture the essential processes that con-
tribute to these storms, and to document the case-to-
case variability that frustrates efforts to specify required
conditions or standard scenarios that are applicable to
all storms.

The interactions of the varied mechanisms and pro-
cesses that produce these storms span the spectrum of
time and length scales from the nucleation of cloud
particles to planetary wave dynamics. The temporal and
spatial resolution of the operational weather analyses
from which this study is derived limits us to describing
only those features that operate over periods of several

hours to several days and lengths of 102–104 km [the
meso-, synoptic, and planetary scales; see Orlanski
(1975)]. Details on the physical principles in snow for-
mation can be found in Houze (1993) and other texts
on cloud physics, and will not be addressed here.

The monograph is designed to provide a foundation
for researchers, students, and weather observers inter-
ested in investigating the processes that interact to pro-
duce major winter storms and to serve as an easily ref-
erenced guide for forecasters concerned with predicting
heavy snowfall along the northeastern coast of the Unit-
ed States. In the following pages, material from the
original version of this monograph (Kocin and Uccellini
1990) and review articles on rapid cyclogenesis and the
evolution of the forecast process (Uccellini 1990; Uccel-
lini et al. 1999) have been retained and updated.

But there is much that is new. The monograph is
composed of two volumes. In volume I, the chapter on
climatology has been expanded to cover seasonal snow-
fall and relationships with climatic variables such as the
El Niño–Southern Oscillation (ENSO) and the North
Atlantic Oscillation (NAO). New chapters have also
been added, one to address the mesoscale character of
snowfall distributions, a continuing source of interest
and frustration to forecasters unable to diagnose and
predict phenomena that are still poorly understood. An
additional chapter distinguishes differences between
major snowstorms and storms that involve a change
from snow to rain within the Northeast urban corridor,
as well as storms marked by moderate snowfall, and ice
storms. Also included are discussions of the scientific
and technological issues that contribute to the increased
understanding and general ability to predict the snowfall
that accompanies winter storms. New cases that have
occurred since the publication of the original monograph
have also been included in volume II to provide a syn-
optic climatology for snowstorms that have occurred
over a 50-year period. A Northeast Snowfall Impact
Scale (NESIS) has also been devised to provide a com-
parative assessment of individual storms that can be
communicated to the public.

In volume I, a climatological review of seasonal
snowfall during the 20th century, an overview of mod-
erate to heavy snow events during the latter half of the
20th century, and their relationships to climatic vari-
ability are provided in chapter 2. A description of the
meteorological characteristics of 30 major snowstorms
during the latter half of the 20th century follows in
chapters 3 and 4, derived from conventional analyses
of sea level pressure, geopotential height, wind, tem-
perature, and other parameters. Chapter 5 focuses on
cases characterized as ‘‘near misses’’—those storms that
start as snow but either change to rain, ice pellets and
freezing rain—or ‘‘moderate’’ snowstorms, whose
snowfall distribution is not as widespread nor heavy as
in those cases summarized in chapters 3 and 4. Meso-
scale aspects of the snowfall distribution associated with
heavy snow events, both in terms of the detail apparent
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in major snow events, and of the isolated heavy snow
event, are described in chapter 6. Chapter 7 provides
an overview of the physical processes that contribute
to these storms. Chapter 8 summarizes the revolutionary
changes that have occurred during the past 100 years
in forecasting winter storms and concludes with dis-
cussion of the Northeast Snowfall Impact Scale. A com-
pilation of seasonal snow statistics for more than 30
sites has been included in the appendix.

In volume II, detailed descriptions of several histor-
ical cases, dating as far back as the 18th century through
1950, are provided in chapter 9. A comprehensive series

of weather map analyses for each of the 30 storms that
occurred between 1950 and 2000 and summarized in
chapters 3 and 4 of volume I is presented in chapter 10,
as well as an analysis of the February 2003 Presidents’
Day Snowstorm II and another snowstorm in December
2003. Brief case histories and map analyses of numerous
interior and moderate snowstorms and ice storms sum-
marized in chapter 5 of volume I are also provided in
chapter 11. The digital data on standard pressure levels
and related maps used in volume II are also provided
on a DVD that is included with volume II. A final chap-
ter concludes with analyses of early and late season
snow events.
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Chapter 2

CLIMATOLOGY

Northeast snowstorms are best understood and ap-
preciated in the context of the climatological range of
conditions experienced in the northeast United States.
In this chapter, the climatology of seasonal snowfall and
significant snowstorms in the northeast United States is
described. The distribution of seasonal snowfall during
the 20th century is also discussed, with emphasis placed
on the periodic and episodic nature of heavy snowfall
associated with major snowstorms. The possible rela-
tionships between climate variability related to the
Southern Oscillation [SO; or El Niño–Southern Oscil-
lation (ENSO)], the North Atlantic Oscillation (NAO),
and global warming are also discussed.

The distribution of moderate (10 cm or 4 in. and
greater) and heavy snow (25 cm or 10 in. and greater)
events within the Northeast urban corridor is examined
during the latter half of the 20th century, with a focus
on its locations, frequency, and months of occurrence.
An examination of these events provides a basis for the
selection of the most significant storms that have im-
pacted the Northeast urban corridor. A discussion of
snowfall measurement issues that influence the inter-
pretation of all snowfall amounts presented throughout
the monograph follows.

1. Snowfall measurement issues

Observations and summaries of snowfall presented in
this chapter, as well as throughout this monograph, are
affected by the difficulties inherent in measuring snow-
fall. The issues associated with snowfall measurement
are condensed from Doesken and Judson (1996), who
discuss the many difficulties in taking accurate and con-
sistent snow measurements. This discussion is presented
to help analyze some of the difficulties in assessing
snowfall and to keep the snowfall analyses presented
throughout this monograph in some perspective.

The measurement of snow is far from an exact pro-
cedure, being influenced by where, how often, and on
what surfaces the measurements are made. Snowfall is
defined in Doesken and Judson (1996) as the depth of
new snow that has fallen and accumulated in a given
period, and is measured daily at a specified time of
observation using a ruler and a snowboard,1 in a location

1 A snowboard is usually a solid, painted piece of wood, approx-
imately 2 ft on a side, that is laid on the ground.

protected from the wind and representative of the area
(i.e., not in a drift).

National Weather Service policy2 has directed that
snowfall measurements can be taken up to four times
daily at 6-hourly intervals in order to differentiate be-
tween snowfall and snow cover. If a snowboard is not
available, wooden decks and grassy surfaces are usually
good alternatives although the observer must be careful
to subtract the airspace between the grass and the lowest
layer of snow. The measurement is read to the nearest
0.1 in. and is recorded unless blowing, drifting, melting,
or settling has occurred. When these conditions occur,
the observer must use judgment to determine snowfall
and pay heed and consider the following precautions:

a) Measure snowfall where the effects of blowing and
drifting are minimized. In situations where wind-
blown snow cannot be avoided, an average of several
representative measurements should be employed.

b) Snow often melts as it lands on the ground. If no
accumulation is ever noted even on grassy surfaces,
snowfall should be measured as a ‘‘trace.’’ If snow
partially melts, and some accumulation takes place,
the daily snowfall should be recorded as the greatest
accumulation of new snow observed at any time dur-
ing the day. If snow accumulates, melts, and accu-
mulates again, the snowfall is the sum of each new
accumulation.

c) Snow, especially deep snow with low water content,
also settles and compacts as it lies on the ground.
According to Doesken and Judson (1996), the daily
snowfall should be the maximum accumulation of
new snow observed at any time during the day. If
one uses frequent snow observations of a cleared
surface to measure snowfall, say several times per
day, or hourly, the total snowfall can exceed the daily
snowfall, sometimes significantly during long-du-
ration events.

An excellent example of how differing measure-
ment techniques can affect a final snow measurement
occurred during the 6–8 January 1996 ‘‘Blizzard of
’96.’’ This long-duration snowfall event affected the
Northeast urban corridor, beginning as all snow, fol-
lowed by a changeover in some locations to ice pel-

2 Snow measurement guidelines for National Weather Service Co-
operative Observers are available from the National Weather Service,
Office of Climate, Weather and Water Services, May 1997.
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TABLE 2-1. (a) 10 snowiest and (b) 10 least snowy seasons of the
20th century for an ensemble of 18 sites depicted in Fig. 2-2.

(a) 10 snowiest

Season Avg (in.)

(b) 10 least snowiest

Season Avg (in.)

1995/96
1966/67
1977/78
1947/48
1960/61
1963/64
1906/07
1993/94
1915/16
1933/34

80.3
58.5
56.2
55.3
53.8
51.8
51.8
51.6
50.6
48.8

1994/95
1918/19
1912/13
1991/92
1988/89
1936/37
1990/91
1931/32
1997/98
1972/73

14.8
14.9
14.9
16.4
16.6
18.2
18.6
19.2
19.3
19.6

lets, and then back to snow. During this event, some
measurements differed by a factor of 2 to 1 [some
sites measured 15 in. (37 cm) while nearby sites
reported 30 in. (75 cm)]. If an observer waited to
take a measurement until the snow ended, some of
the snow had probably settled due to the storm’s long
duration and high winds. Therefore, this measure-
ment would likely underestimate the total snowfall,
while accurately measuring the snow depth. Alter-
natively, some observers measured the snowfall at
differing intervals, clearing off their boards to begin
a new measurement each time, and measuring a final
snow depth. These observers reported significant dis-
crepancies between the summed measurements and
the final snow depths. An observer taking hourly
measurements would have a snowfall tally much
greater than snow depth at the end of the event.
Which reported amount represents an accurate mea-
sure of snowfall?

In most cases of relatively short-term snowfall
events, frequent measurements may closely approx-
imate the final snow depth if settling and melting are
minimized. However, for the greater and longer-last-
ing events, which are perhaps the most noteworthy
cases, the weight of the snow can lead to compaction,
especially if a changeover to sleet or rain occurs
sometime during the event. The complexity of issues
surrounding snowfall measurement suggests that a
standard, such as the 6-hourly measurements insti-
tuted by the National Weather Service, be applied
uniformly so a consistent dataset is obtained.

d) It was a recommendation of Doesken and Judson
(1996) that if snow changes to another form of pre-
cipitation, snow measurements be taken at time of
changeover, when snow depth is at a maximum. If
sleet accumulates afterward, it should be measured
as new ‘‘snow’’ and if it changes back to snow, new
measurements should begin at the time of changeover.

e) Summer hail should not be reported as snowfall to
help distinguish early and late season snow and ice
pellet events from thunderstorm-generated hail,
when possible (hail occurs throughout the year and
during the cold months is difficult to distinguish from
other forms of frozen precipitation).

Snowfall observations used throughout this mono-
graph were obtained from records of first-order and co-
operative observer networks available through the Na-
tional Climatic Data Center (NCDC). According to
Doesken and Judson (1996), both sources of data are
plagued by inconsistent measurement techniques and
intervals. Therefore, exact amounts should be accepted
with a certain degree of caution. In general, analyses of
snowfall for most storms exhibit surprisingly consistent
snowfall patterns, lending to confidence that in spite of
possible irregularities, the measurements still have con-
siderable value.

2. Seasonal snowfall

The mean distribution of seasonal snowfall over the
northeastern United States is largely dependent upon
latitude, with snow totals ranging from as little as 6 in.
(15 cm) in the southeastern corner of Virginia to greater
than 100 in. (250 cm) across sections of central and
northern New England, New York, and West Virginia
(Fig. 2-1). The impact of elevation on temperature af-
fects the distribution of snowfall, which is demonstrated
by the snowfall maxima over more mountainous inland
terrain. The increase in snowfall at higher latitudes is
skewed from southwest to northeast by the Atlantic
Ocean’s moderating influence on temperature patterns
along and near the coastline.

Within the heavily populated urban corridor adjacent
to the Atlantic Ocean, mean seasonal snowfall ranges
from less than 10 in. (25 cm) in the Tidewater region
of Virginia; to 10–20 in. (25–50 cm) across Virginia
through central and eastern Maryland, Delaware, and
southern New Jersey; 20–30 in. (50–75 cm) throughout
the area between Washington, D.C., and New York City;
and 30–40 in. (75–100 cm) in southern New England.
A summary of seasonal snowfall statistics for numerous
locations within the northeast United States is provided
in the appendix.

a. Seasonal snowfall in the Northeast urban corridor

To provide a representative overview of seasonal
snowfall in the Northeast urban corridor, 18 sites (Fig.
2-1) are selected to represent the variations in seasonal
snowfall that occurred during the 20th century. These
sites are selected because all have maintained snowfall
records dating back at least to the early 20th century.
The mean seasonal snowfall patterns for these 18 sites
show distinct maxima and minima during the 20th cen-
tury (Fig. 2-2, top), with the mean snowfall for the 18
sites approaching 34 in. (85 cm).

For the combined 18 sites, the 10 snowiest and least
snowy seasons of the 20th century are provided in Table
2-1. The snowiest seasons appear to occur primarily
during the second half of the 20th century, with the
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FIG. 2-1. (top) Relief map of the northeast United States. (bottom) Mean seasonal snowfall (Oct–May
1960/61–1989/90) for the northeastern United States. Values are site averages in inches and contour
intervals are given in inches and centimeters.
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FIG. 2-2. Eighteen sites used to compute mean seasonal snowfall for the Northeast urban corridor. Northern, central, and southern regions
are used to demarcate differences in seasonal snowfall. Northern region represents mean snowfall greater than 40 in. (100 cm), central region
represents mean snowfall between 20 and 40 in. (50 and 100 cm), and southern region represents mean snowfall less than 20 in. (50 cm).

winter of 1995/96 greatly exceeding all other seasons
with a mean of 80 in. (200 cm). The greatest mean
seasonal snowfalls (greater than 50 in. or 125 cm) oc-
curred during the winters of 1906/07, 1915/16, 1947/
48, 1960/61, 1963/64, 1966/67, 1977/78, and 1993/94.
The least mean seasonal snowfalls with means of less
than 20 in. (50 cm) occurred in 1912/13, 1918/19, 1936/
37, 1972/73, 1988/89, 1990/91, 1991/92, 1994/95, and
1997/98. The least snowy season occurred in 1994/95,
with an average of just under 15 in. (37 cm). One re-
markable result from this analysis is that the snowiest
and least snowy seasons of the 20th century occurred
in consecutive years! The winter of 1995/96 had the
most, while the winter of 1994/95 had the least. A pat-
tern of increasing interannual variability occurred
throughout the 1990s and into the early 21st century,

including two snowy winters (2000/2001 and 2002/
2003) surrounded by several very snow-deficient win-
ters (1997/1998, 1998/1999, 1999/2000, and 2001/
2002). Whether this increasing variability is related to
the potential effects of global warming (i.e., Houghton
et al. 2001) is beyond the scope of this study.

A 5-yr running mean was applied to this record to
help distinguish any dominant trends and is shown in
Fig. 2-3 (bottom). In this figure, the dominant snowy
period of the 20th century occurred during the late 1950s
through the 1960s. Other snowy periods included the
late 1900s, the middle 1910s through the early 1920s,
the mid-1930s, the late 1940s, the late 1970s, and the
mid-1990s. The dominant snowfall minima occurred in
the late 1920s and early 1930s, the early 1950s, and the
late 1980s and early 1990s.
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FIG. 2-3. (top) Mean seasonal snowfall for an ensemble of 18 sites during the 20th century. (bottom) The 5-yr running mean seasonal
snowfall for the same sites as in Fig. 2-2.
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FIG. 2-4. (a) Mean seasonal snowfall for the northern region composed of seven sites depicted in Fig. 2-2, averaging �40 in. (�100 cm)
per season, during the 20th century. (b) Mean seasonal snowfall for the central region composed of seven sites depicted in Fig. 2-2, averaging
20–40 in. (50–100 cm) per season, during the 20th century.

1) REGIONAL VARIABILITY

The 18 sites are subdivided into three areas (Fig. 2-
2) to help distinguish intraregional variations in seasonal
snowfall. The northern area is represented by seven sites

that average greater than 40 in. (100 cm) seasonally and
include central New England, interior New York, and
northeastern Pennsylvania (Fig. 2-4a). The central do-
main is represented by seven sites that average between
20 and 40 in. (50 and 100 cm) and includes southern
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FIG. 2-4. (Continued) (c) Mean seasonal snowfall for the southern region composed of four sites depicted in Fig. 2-2, averaging �40 in.
(�50 cm) per season, during the 20th century.

New England, eastern Pennsylvania, southeastern New
York, northern New Jersey, northern Virginia, and
northern Maryland (Fig. 2-4b). The southern domain is
represented by four sites that average less than 20 in.
(50 cm; Fig. 2-4c) and includes eastern Virginia, south-
eastern Maryland, southern Delaware, and southern
New Jersey.

The 100-yr mean snowfall for the three regions are
as follows. In the northern domain, the mean snowfall
is 54.2 in. (137 cm), while the middle region’s mean is
24.7 in. (63 cm) and the southern domain’s mean is 13.6
in. (35 cm). Distinct maxima and minima characterize
all three records, but the middle and southern domains
present a more ‘‘spiky’’ appearance, due to the influence
of fewer snowfall events overall, which can dominate
the snowfall record.

The variations in all three regions show some similar
patterns to each other, such as the tendency toward
snowy winters in the middle 1930s, the late 1940s, the
late 1950s through the 1960s, and the century maximum
during 1995/96, as well as some of the snow droughts.
However, some intraregional differences complicate an
examination of 18 sites across a domain that extends
from Virginia to Maine. Note that the interannual var-
iability increases from north to south since warmer tem-
peratures in the southern region can preclude much
snowfall in some seasons from those in which colder
temperatures may permit more snowfall. For example,
many snow events across New England might only be
liquid events over the middle and southern domains.
The winters of 1970/71 and 1993/94 are two seasons

that saw excessive snowfall across New England but
only rain or ice across portions of the middle and south-
ern regions. In another example, a relatively snowy win-
ter across the southern domain may be due to a few
snow events whose influence did not extend into the
more northern domains. Such was the case during the
winters of 1978/79 and 1979/80, when the primary
storm track was suppressed far enough south that Vir-
ginia and Maryland received heavy snows while the
more northern domains experienced relatively modest
amounts.

2) CONTRIBUTION OF MODERATE AND HEAVY

SNOW EVENTS TO SEASONAL SNOWFALL TOTALS

In this section, the focus shifts from a review of sea-
sonal snowfall to an assessment of the snowfall events
that contribute to snowy winters. Beginning primarily
in October–December and ending in March–May for
most areas in the urban Northeast, each winter season
is composed of a highly variable number of snowfall
events, which can be ‘‘moderate’’ (defined here as more
than 4 in. or 10 cm) or ‘‘heavy’’ (defined here as more
than 10 in. or 25 cm).

To present a more general climatology of the coastal
region between Virginia and Maine, 21 regions (Fig. 2-
5) are selected to catalog the monthly and seasonal dis-
tributions of moderate and heavy snow events for the
winter seasons of 1949/50–1998/99.3

3 These regions are based on subdivisions found in Climatological
Data, the monthly publication used to obtain the snowfall reports.
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FIG. 2-5. Locations of 21 regions selected to catalog the monthly and seasonal distributions
of heavy snow occurrences described in chapter 2.

TABLE 2-2. Total number of snowfall events exceeding 10 and 25 cm (by region) for the winter seasons 1949/50–1998/99, including the
seasonal average of 10-cm events and the average time interval in years between 25-cm events [in parentheses are similar values for the
period 1954/55–1984/85; see Kocin and Uccellini (1990)].

Region
No. Location

Total No.
of events
� 10 cm

Seasonal
avg

Total No.
of events
� 25 cm

Avg time
interval (yr)

between
25-cm events

1
2
3
4
5
6
7
8
9

Coastal ME
S NE
S VT
W MA, NW CT
Central MA
E MA, N RI
SE MA, S RI
Central CT
E NY

312 (203)
338 (216)
334 (220)
296 (194)
228 (148)
197 (125)
122 (79)
159 (103)
246 (160)

6.2 (6.8)
6.7 (7.2)
6.6 (7.3)
5.9 (6.5)
4.5 (4.9)
3.9 (4.2)
2.4 (2.6)
3.1 (3.4)
4.9 (5.3)

51 (34)
59 (41)
63 (41)
60 (38)
57 (38)
47 (31)
30 (18)
26 (19)
52 (33)

1.0 (0.8)
0.8 (0.7)
0.8 (0.7)
0.8 (0.8)
0.9 (0.8)
1.1 (1.0)
1.7 (1.7)
1.9 (1.6)
1.0 (0.9)

10
11
12
13
14
15
16
17
18

SE NY
NYC, Long Island, and S CT
N NJ
S NJ
NE PA
SE PA
Central MD
SE MD
DE

178 (109)
116 (75)
126 (83)
71 (51)

160 (100)
106 (72)
99 (67)
71 (49)
74 (50)

3.5 (3.6)
2.3 (2.5)
2.5 (2.8)
1.4 (1.7)
3.2 (3.3)
2.1 (2.4)
2.0 (2.2)
1.4 (1.6)
1.4 (1.7)

33 (24)
18 (15)
24 (18)
15 (11)
35 (23)
23 (16)
16 (11)
10 (6)
13 (7)

1.5 (1.3)
2.8 (2.0)
2.1 (1.7)
3.3 (2.7)
1.4 (1.3)
2.2 (1.9)
3.1 (2.7)
5.0 (5.0)
3.8 (4.3)

19
20
21

N VA
East-central VA
SE VA

98 (63)
78 (53)
39 (29)

1.9 (2.1)
1.6 (1.8)
0.8 (1.0)

21 (17)
11 (7)
4 (3)

2.3 (2.0)
4.5 (4.3)

12.5 (10.0)
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FIG. 2-6 The 50-yr total number of snowfall events exceeding 10 cm (by region and month) for the winter seasons
between 1949/50 and 1998/99.

An occurrence of moderate or heavy snowfall is noted
for each region in Fig. 2-5 whenever it was determined
that at least half the area received snow amounts in
excess of the threshold values. The following two sec-
tions define the temporal and spatial distributions of
moderate to heavy snow events within the Northeast
region.

(i) Moderate snow events

During a 50-season period from 1949/50 through
1998/99, the number of storms that have produced

snowfall accumulations exceeding 4 in. (10 cm) (Fig.
2-6; Table 2-2) ranges from 39 in southeastern Virginia,
an average of less than one event per season, to more
than 300 in sections of central New England, an average
of over 6 events per season. Within the most densely
populated regions of the Northeast urban corridor from
northern Virginia to southern New England,4 approxi-
mately 70–120 events have occurred, averaging from
1.5 to 2.5 occurrences per season. Farther north and

4 An area comprising regions 7, 11, 12 13, 15, 16, 17, and 19.
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FIG. 2-7. (top) Mean number of greater than 4-in. (10 cm) snowfall
events per season for each of 21 regions. (bottom) Mean number of
years between 10-in. (25 cm) snowfall events for each of 21 regions.

inland,5 the number of moderate and heavy snow events
increases from approximately 150 to 290 across north-
eastern Pennsylvania, eastern New York, Connecticut,
and Massachusetts, averaging 3–6 per season. Over
coastal Maine, southern Vermont, and New Hampshire
(regions 1–3), the number of events exceeds 310, av-
eraging about 6 or 7 events per season.

Storms capable of producing snowfall in excess of 4
in. (10 cm) typically occur during December, January,
February, and March (Fig. 2-6). In October, only 2 of
the 21 regions shown in Fig. 2-5 have experienced a
general snowfall exceeding 10 cm during the second
half of the 20th century.6 Accumulations of 10 cm or
greater have also been observed in isolated areas of the
more heavily populated Northeast urban corridor as ear-
ly as 10 October (1979) (see volume II, chapter 12). In
November, episodes of general snowfall exceeding 10
cm occur sporadically, with a frequency as great as once
every 3–4 yr over inland sections of southern and central
New England. Significant early and late season snow-
storms are discussed in chapter 12 of volume II.

By December, all regions can experience snow events
exceeding 10 cm. The far northern sections of the do-
main receive moderate events with nearly equal likeli-
hood in any of the months from December through
March although there is a slightly greater tendency in
January. Across extreme southern New England and
much of the coastal region of the middle Atlantic states,
the frequency of moderate to heavy snowfalls reaches
a peak in January and February. From Virginia to south-
ern New England, the frequency of moderate to heavy
snow events diminishes in March, although there is a
slightly greater tendency in the northern domain for
snowstorms to occur in December than in March. Con-
versely, there is a slightly greater tendency over the
middle domain for snowstorms to occur in March than
in December. In all areas, the incidence of winter-type
storms declines quickly after March.7 Other less wide-
spread occurrences have occurred in hilly terrain or in
northern New England as late as late May, and even
into June. Only the highest peaks have seen snow in
July and August.

In summary, there is a general increase in the number
of events characterized by moderate snowfalls as one
moves northeastward along the urban corridor with a
significant increase in the rate of change as one moves
from southeastern New York into New England (Fig.
2-7, top). In general, the mean number of 10-cm events

5 An area comprising regions 4, 5, 6, 8, 9, 10, and 14.
6 These two regions, one in eastern New York and the other in

western Massachusetts, experienced a uniform moderate snowfall on
3–4 October 1987 (see volume II, chapter 12), which is especially
unusual since it not only occurred in October but also during the first
few days of the month (see Bosart and Sanders 1991).

7 An unusually heavy snowfall was observed over portions of in-
terior New York State and southern New England on 9 May 1977,
one of the latest such occurrences in the sample (see volume II,
chapter 12).

increases from an average of fewer than one event per
season over the Tidewater region of Virginia, to 1.5–
2.5 events from the Washington to New York corridor,
to about 3–4 events in the Boston area, and to 6–7 events
in interior New York and New England.
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FIG. 2-8. The 50-yr total number of snowfall events exceeding 25 cm (by region and month) for the winter seasons
between 1949/50 and 1998/99.

(ii) Heavy snow events
In contrast to the seasonal occurrence of moderate

snow events, storms that deposit 10 in. (25 cm) or more
are relatively rare events (Fig. 2-7, bottom). Only 4 such
storms have occurred over the 50-yr period in south-
eastern Virginia, an average of only 1 every 12 years,
with 10–16 events over the coastal regions from Vir-
ginia to southern New Jersey (Table 2-2), approximately
1 every 3–6 yr. The heavily populated urban corridor
from northern Virginia through extreme southern New

England experienced 16–30 major snowfalls, approxi-
mately 1 every 2–3 yr. These are relatively infrequent
events that appear to maintain a uniform distribution
along a southwest-to-northeast axis from Washington,
D.C., to New York City and Long Island. The inland
areas of northeastern Pennsylvania, eastern New York,
and southern New England received 33–57 heavy
snows, approximately 1 every 1–2 yr, while 51–63
events were noted across northern New England, from
near to slightly greater than 1 every year, occurring with
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FIG. 2-9. Seasonal snowfall for (a) 1871–1999, for Boston; (b) 1869–1999, for New York City; and
(c) 1884–1999, for Philadelphia.
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FIG. 2-9. (Continued) (d) 1885–1999, for Baltimore; and (e) 1885–1999, for Washington.

a regularity that is no surprise to residents of the interior
Northeast and New Englanders.

These major snowstorms typically occur from De-
cember through March (Fig. 2-8), with very few events
in November or April. For much of southern New Eng-
land and the middle Atlantic states, the frequency of
storms with snowfall exceeding 10 in. (25 cm) shows
a significant maximum during February. This contrasts
with the nearly equal likelihood of 4-in. (10 cm)
amounts in January and February (Fig. 2-10). Thus, the
numbers shown in Fig. 2-8 support the notion that Feb-
ruary is the ‘‘big month’’ for the ‘‘big snow’’ along the
Northeast coast, at least during the 50-yr period ending
with the winter season of 1998/99.

3) SNOWFALL FOR BOSTON, NEW YORK,
PHILADELPHIA, BALTIMORE, AND WASHINGTON,
D.C

In the five largest cities of the Northeast urban cor-
ridor, snowfall records have been kept for more than a
century (Figures 2-9a–e; also see chapter 9). To help
assess any trends in seasonal snowfall and illustrate the
year-to-year variability that characterizes seasonal
snowfall, 30-yr (1971–2000) means are compared to
means computed over several other intervals (Table 2-
3) during the history of record for each city.

In Boston, Massachusetts, seasonal snowfall has var-
ied from a minimum of 9 in. (23 cm; 1936/37) to a
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TABLE 2-3. Seasonal snowfall means (in.) for selected time in-
tervals for Boston, New York, Philadelphia, Baltimore, and Wash-
ington.

Time
intervals Boston New York

Phila-
delphia Baltimore

Washing-
ton D.C.

1870–1999
1900–99
1870–99
1900–49
1950–99
1971–2000

42.5
41.3
47.8
40.6
42.0
41.6

28.6
27.0
33.6
29.2
24.7
22.0

21.7
21.9
22.8
21.8
21.7
20.0

21.2
20.5
25.3
22.2
18.6
18.0

18.2
19.1
24.7
19.5
16.9
14.7

Max

Min

107.6
(1995/96

9.0
(1936/37)

75.6
(1995/96)

2.8
(1972/73)

63.1
(1995/96)

T
(1972/73)

62.5
(1995/96)

1.2
(1972/73)

54.9
(1898/99)

0.1
(1972/73,
1997/98)

TABLE 2-4. Mean seasonal snowfall (in.) by decade. Minima and
maxima are italicized.

Decade
intervals Boston New York

Phila-
delphia Baltimore

Washing-
ton D.C.

1870–79
1880–89
1890–99
1900–09
1910–19
1920–29
1930–39
1940–49
1950–59
1960–69
1970–79
1980–89
1990–99

45.4
45.0
52.6
39.8
39.1
43.2
37.0
43.9
37.1
49.4
44.6
32.8
49.7

32.3
32.7
35.8
28.9
30.6
29.5
24.4
32.8
20.2
32.0
22.5
19.9
24.4

—
21.8
23.8
25.3
27.6
17.5
17.5
21.1
15.2
29.1
21.7
20.4
18.3

—
26.6
24.6
25.0
21.2
19.6
22.8
23.0
14.7
32.2
17.8
18.5
17.7

—
22.7
25.7
23.5
20.9
17.2
18.5
17.5
12.8
24.8
13.6
17.1
12.9

maximum of 107.6 in. (273 cm) during the record winter
of 1995/96. The 30-yr mean (1971–2000) of 41.6 in.
(106 cm) is comparable to 50-yr averages computed
both for the first and for the last half of the 20th century
but is 6 in. (13 cm) less than averages computed during
the last 30 yr of the 19th century (Table 2-3).

In New York, New York, seasonal snowfall has varied
from 2.8 in. (7 cm; 1972/73) to 75.6 in. (192 cm; 1995/
96). For the 130-yr period from 1870 to the end of the
20th century, significant changes are observed in the
snowfall record. The most recent 30-yr average shows
a mean of 22.0 in. (56 cm), which is less than the 50-
yr mean for the last half of the 20th century and is 7
in. (18 cm) less than the 50-yr average over the first
half of the 20th century and greater than 11 in. (28 cm)
less than averages computed during the last 30 yr of the
19th century. Therefore, seasonal snowfall appears to
have decreased significantly in New York City within
the last 50 yr.

In Philadelphia, Pennsylvania, mean seasonal snow-
fall appears to have remained relatively constant since
records were started in the winter of 1884/85 with an
average of 20–23 in. (50–58 cm), including a 30-yr
(1971–2000) mean of 20.0 in. (51 cm), showing a de-
cline during this period.

In Baltimore, Maryland, the 1971–2000 average is
18.0 in. (46 cm), less than the first half of the 20th
century (22.2 in.; 57 cm), but significantly less than the
mean during the late 19th century (25.3 in.; 64 cm).

The snowfall records for Washington, D.C., appear
to show some of the same tendencies as of those from
New York City with a sharp decrease in seasonal snow-
fall during the last half of the 20th century. In Wash-
ington, the 1971–2000 average is 14.7 in. (37 cm), while
the means during the late 19th and first half of the 20th
century are 24.7 and 19.5 in. (63 and 50 cm), respec-
tively.

In Boston, New York, Philadelphia, Baltimore, and
Washington, an examination of mean seasonal snowfall
during each decade of the 20th century (Table 2-4, bot-
tom) shows that, in general, seasonal snowfall during

the late 19th century was greater than current 30-yr
means by as much as 50%. In New York City, Baltimore,
and Washington, the first half of the 20th century has
experienced greater average seasonal snowfall than the
second half, while Philadelphia and Boston’s means
have remained nearly the same or dropped in the late
20th century.

(i) Prior to 1950

As discussed above, the period from the late 1880s
through the middle 1920s experienced greater than
‘‘normal’’ snowfall compared to the 30-yr means con-
structed during the late 20th century. For example, more
than 50% to nearly 75% of the winters in the five cities
experienced above ‘‘current normal’’ snowfall (Boston,
21 winters; New York, 30; Philadelphia, 27; Baltimore,
29; and Washington, 29) during 40 winters between
1884/85 and 1923/24 (see chapter 9).8

Following this relatively long and extended snowy
period (which still had its share of relatively snow-free
winters), much of the late 1920s and 1930s was char-
acterized by subnormal snowfall. In particular, nearly
all winters between 1923/24 and 1931/32 exhibited be-
low normal snowfall, especially in Philadelphia, Bal-
timore, and Washington. Even though this period was
relatively snow free, a few significant snowstorms did
occur. The late 1920s and the early 1930s exhibit some
of the lowest seasonal totals for any 5-yr period this
century with New York City averaging less than 12 in.
(30 cm) and Philadelphia only averaging a little over 9
in. (23 cm). Midway through the 1930s, seasonal snow-
fall increased throughout much of the region with the
winters of 1933/34 and 1934/35 exhibiting above nor-

8 During this snowy period, some great historic storms occurred,
most notably the March 1888 ‘‘Blizzard of ’88,’’ the cold wave and
blizzard of February 1899, and the January 1922 ‘‘Knickerbocker
Storm’’ (see volume II, chapter 9).
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mal amounts9. The late 1930s through the 1940s ex-
perienced subnormal snowfall, especially from New Jer-
sey southward. However, the late 1940s saw a return to
above normal snowfall in New York and Boston, high-
lighted by New York City’s ‘‘big snow’’ of December
1947 (volume II, chapter 9).

(ii) 1950–2000

During the second half of the 20th century, subnormal
snowfall was common across the region early in the
period. The winters of 1949/50–1954/55 saw a snow
drought across the entire region. During this period,
seasonal means were only 30 in. (75 cm) in Boston, 14
in. (35 cm) in New York, 12 in. (30 cm) in Philadelphia,
11 in. (28 cm) in Baltimore, and 9 in. (23 cm) in Wash-
ington. In Philadelphia, Baltimore, and Washington, the
decade of the 1950s was the least snowy this century
(Table 2-4). The 1950s first snowy regime did not occur
until March 1956, when a succession of late season
snowstorms occurred. The most memorable winter of
the 1950s occurred during 1957/58 when many snow-
storms occurred throughout the winter and made it one
of the most severe during the late 20th century for much
of the region.

The late 1950s through the 1960s were characterized
by especially severe winters, possibly the longest spate
of severe winters since the 1890s, which were marked
by several memorable snowstorms. The decade of the
1960s was the snowiest of the century for all cities
except New York City. In particular, the winters of 1959/
60, 1960/61, 1963/64, 1965/66, 1966/67, and 1968/69
were all major snow-producing seasons. Over a 10-sea-
son period between 1957/58 and 1966/67, Boston av-
eraged 51 in. (130 cm), New York 33 in. (84 cm), Phil-
adelphia 30 in. (76 cm), Baltimore 33 in. (84 cm), and
Washington 27 in. (69 cm). These figures are 25% to
nearly double current 30-yr means. Many of the major
snowstorms described in the following two chapters and
in volume II occurred during this period. Following the
winter of 1968/69, New England continued to experi-
ence significant snowfall through the winter of 1971/
72. However, much of the rest of the Northeast urban
corridor experienced a snowfall drought during the early
and middle 1970s with few major storms occurring until
the winter of 1977/78. During this lull, the winter of
1972/73 was remarkably free of snow in the major met-
ropolitan areas, with seasonal totals ranging from a trace
at Philadelphia to 10 in. (25 cm) at Boston. New En-
gland continued to experience some major snow events
but New York, Philadelphia, Baltimore, and Washington
each only averaged between 10 and 17 in. (25 and 43
cm) per season between 1970/71 and 1976/77. This
snow drought ended with a return to cold conditions

9 This period was marked by some of the coldest winter weather
of the 20th century, in December 1933 and February 1934, and some
significant snowstorms, particularly during February 1934.

during the winter of 1976/77, but much of the snow fell
mainly in northern domains. By the late 1970s, cold and
heavy snows returned to much of the region, especially
during the winter of 1977/78, which rivaled any during
the late 1950s or 1960s. January and February 1978 saw
several major snowstorms and the 1970s ended with the
stormy winter of 1978/79.

The winters of the 1980s into the early 1990s were
generally mild with few snowstorms. This period is one
of the least snowy and most protracted of the 20th cen-
tury. For example, seasonal snowfall averaged only 31
in. (78 cm) in Boston, 18 in. (45 cm) in New York, 16
in. (40 cm) in Philadelphia, 15 in. (38 cm) in Baltimore,
and 14 in. (35 cm) in Washington from 1983/84 through
1991/1992, approximately 75%–90% of normal. There
were, however, some notable exceptions during this long
period of mild, snow-depressed winters. The early half
of the 1980s saw some of the coldest winter outbreaks
of the last half of the 20th century, especially in January
1982, December 1983, and January 1985, but major
snowstorms did not occur in conjunction with these out-
breaks. One particularly crippling snowstorm occurred
in February 1983 and a series of snowstorms affected
the Northeast throughout the winter of 1986/87. Despite
these active seasons, the 1980s were the least snowy
decade of the century in New York City and Boston
(Table 2-4). Following this period, few snowstorms of
any consequence occurred from the late 1980s to the
early 1990s.

The snow drought of the 1980s and early 1990s ended
abruptly with the winter of 1992/93, when a series of
major snowstorms began to affect much of the region
from Pennsylvania and New York into New England.
This winter was highlighted by a major interior snow-
storm in December 1992 and the March 1993 ‘‘Super-
storm.’’ The 12–14 March 1993 Superstorm produced
the most widespread distribution of heavy snowfall over
the eastern United States this century (Kocin et al.
1995). During the following winter of 1993/94, record
snowfall again occurred across many portions of the
Northeast with numerous snowstorms from Pennsyl-
vania and New York into New England and many freez-
ing rain and ice pellet events in the middle Atlantic
states.

Following the quiet winter of 1994/95, the winter of
1995/96 will probably be remembered as the snowiest
of the 20th century for much of the region between
Virginia and Massachusetts. New seasonal snowfall rec-
ords were set in Boston, New York, Philadelphia, Bal-
timore, and many other locations with snowfall ex-
ceeding 2–4 times the normal seasonal totals. In some
cases, new seasonal records far exceeded the old stan-
dards. For example, Boston reported 107.6 in. (273 cm),
breaking the modern record of 96.3 in. (245 cm) set in
1993/94 and the historical record of 96.4 in. (245 cm)
in 1873/74. Providence, Rhode Island, measured 106.1
in. (269 cm); the previous record was 75.6 in. (192 cm)
during 1947/48. Hartford, Connecticut, measured 115.2
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FIG. 2-10. Total number of moderate (�4 in.; 10 cm) and heavy (� 10 in.; 25 cm) snowfall events (by
city) for the winter seasons 1949/50–1998/99 in Boston, New York City, Philadelphia, Baltimore, and
Washington. Data were obtained from the following locations: Boston (Logan International Airport), New
York City (Central Park), Baltimore (Baltimore–Washington International Airport), and Washington (National
Airport).

in. (293 cm); the previous record was 84.9 in. in 1993/
94. New York City’s Central Park recorded 75.6 in. (192
cm), while the previous record was 63.2 in. in 1947/48;
Newark, New Jersey measured 78.4 in. (199 cm), the
most seasonal snow there since record keeping began
in 1843.

Following the record-setting winter of 1995/96, sea-
sonal snowfall again reverted to significantly subnormal
conditions to finish out the century (see tables in the
appendix), highlighted by the winter of 1997/98, one of
the least snowiest this century (Table 2-1). As the 21st
century began, extreme interannual variability contin-
ued. For example, Baltimore experienced its third least
snowy winter (since 1883/84) with 2.3 in. (6 cm) in
2001/02 while experiencing its second snowiest winter
the following season with 58.1 in. (148 cm) in 2002/
03. In general, low seasonal snowfall totals occurred in
1998/99, 1999/2000 (except for a 2-week period in Jan-
uary 2000), and 2001/02 (one of the five least snowy
winters in Boston, New York, Philadelphia, Baltimore,
and Washington). High seasonal snowfall totals oc-
curred in the northern half of the Northeast in the winter
of 2000/01 and across the entire domain during the win-
ter of 2002/03.

4) CONTRIBUTION OF MODERATE AND HEAVY

SNOW EVENTS TO SEASONAL SNOWFALL

An analysis of the snowfall records shows that a sig-
nificant portion of the seasonal snowfall record in the
five largest cities in the Northeast is composed of mod-

erate [greater than 4 in. (10 cm)] and heavy snowfall
events [greater than 10 in. (25 cm)] (Fig. 2-10). The
monthly distributions of moderate and heavy snow
events from 1950 through the turn of the century are
also summarized in Fig. 2-11. The monthly and 50-yr
totals are presented for Boston, New York, Philadelphia,
Baltimore, and Washington, to provide additional back-
ground on the distribution and frequency of moderate
and heavy snow events in this region.

During the 50-yr sampling period, the total number
of moderate events that yielded 4-in. (10 cm) amounts
or greater ranged from 65 at Washington to 95 in New
York City and 158 in Boston. Based on these numbers,
the cities of Boston, New York, Philadelphia, Baltimore,
and Washington have averaged about 3, 2, 1.6, 1.6, and
1.2 10-cm snowfalls, respectively, per season during the
last half of the 20th century. January and February ac-
count for the majority of these occurrences with slightly
greater numbers of events in February in Washington,
Baltimore, Philadelphia, and New York. The months of
December, January, February, and March account for
nearly all of the events for each city.

Over the last half of the 20th century, the total number
of events that produced 10-in. (25 cm) or greater ac-
cumulations ranged from 11 at Washington to 14 at
Baltimore, 13 at Philadelphia, 18 at New York City’s
Central Park, and 35 at Boston.10 February displays the

10 With additional storms from 2000 to 2003, the numbers stand at
13 at Washington, 16 at Baltimore, 14 at Philadelphia, 21 at New
York, and 38 at Boston.
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FIG. 2-11. (top) Monthly distribution of snowfall events greater than 4 in. (10 cm) (by city) for the winter seasons 1949/50–1998/99 in
Boston, New York City, Philadelphia, Baltimore, and Washington. (bottom) Monthly distribution of snowfall events greater than 10 in. (25
cm) (by city) for the winter seasons 1949/50–1998/99 in Boston, New York City, Philadelphia, Baltimore, and Washington.
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greatest frequency of heavy snow events in every city.
The frequency of 10- and 25-cm snow accumulations
exhibits only small variations between Washington, Bal-
timore, Philadelphia, and New York. Washington re-
corded marginally fewer events and New York slightly
more than the other cities. In contrast, Boston had a
50%–100% greater incidence of 10-cm snows and two
to three times the number of 25-cm events than the other
cities. Such a substantial difference indicates that Bos-
ton has a significantly greater potential for heavy snow-
storms than any of the other major cities of the Northeast
urban corridor.

All snowfall events exceeding 10 in. (25 cm) for each
of the major cities are listed in the appendix. Boston
has recorded 72 events over a 130-yr period, an average
of approximately of one storm every 1.5–2 seasons,
followed by New York, with 53 events at Central Park
over 133 yr, an average of about one storm every 2.5
seasons. Philadelphia, Baltimore, and Washington all
report similar numbers of storms with 27, 32, and 27
events over 117, 118, and 118 yr, respectively, or ap-
proximately one storm every 4–5 seasons.

These large storms, however, are not distributed even-
ly. For example, Boston averaged one 10-in. (25 cm)
storm every 1.5–2 yr. Yet, during the 10-yr period be-
tween February 1983 and March 1993, only one 10-in.
storm occurred. In contrast, four such storms occurred
in Boston during the winter of 1995/96. Meanwhile,
Boston had recorded no 20-in. (50 cm) events in nearly
100 yr prior to 1969 but experienced five events in the
past 34 yr. Two of those storms occurred during one 2-
week period in early 1978.

There are other examples of snowstorm ‘‘clusters.’’
In chapter 9, volume II, several of the historical ex-
amples, including the ‘‘great snow’’ of 1717 and the
periods 28 December 1779–7 January 1780 and 4–10
December 1786, were instances of major snowstorms
occurring in clusters. More recently, during the winter
of 1957/58, significant snowstorms occurred throughout
the winter. During the winter of 1960/61, three great
snowstorms occurred across much of the urban North-
east, one on 11–12 December, the ‘‘Kennedy Inaugural
Storm’’ of 19–20 January, and the final storm on 2–4
February 1961.

Sometimes, the storms occur in quick succession.
During January 1966, three storms occurred in succes-
sion within a period of 1 week at the end of the month
culminating in the ‘‘Blizzard of ’66’’ that crippled a
large area from Virginia to north-central New York (see
chapter 10, volume II). In November 1968, three suc-
cessive storms missed the urban corridor but dumped
copious snow on interior sections of the Northeast. In
January 1978, three storms in succession began with a
significant ice storm on 13–14 January, an interior
snowstorm on 16–17 January, and a major snowstorm
on 19–21 January. In Washington, 10 yr could easily
pass between consecutive 10-in. snowstorms (see the
appendix). However, during the calendar year 1987, four

storms produced 10 in. or greater within the metropol-
itan Washington area.

Therefore, major snowstorms in the Northeast cor-
ridor may average one every 2–4 or 5 yr, but the his-
torical record shows that these storms tend to occur in
clusters. Many years may pass without an occurrence
of a major storm. Yet, during some years, the storms
seem to occur frequently, occasionally two or more in
one season. These clusters of heavy snow events lend
supporting evidence to the episodic nature of major
Northeast snowstorms, as is discussed in section 2d.

5) PERIODIC CHARACTER OF SEASONAL SNOWFALL

VARIABILITY

The highly variable nature of the seasonal snowfall
in the Northeast United States’ five major metropolitan
areas described above begs a question. Do the snowfall
records exhibit any periodic behavior? To answer that
question, a spectrum analysis is applied to the seasonal
snowfall data to separate the variance of the data in a
time series into contributions arising from oscillations
occurring over different periods. Information about the
periodicity of the data is obtained when autocorrelation
values are calculated for various time intervals, or lag
times. For a given lag time, starting at an arbitrary year,
if all of the data values scattered through the time series
separated by that interval tend to be either all near nor-
mal (the mean), all above normal, or all below normal,
then the autocorrelation values for that interval will be
high.

This calculation is carried out for many different in-
tervals ranging from 0 to 40 yr These intervals were
chosen for series of seasonal snowfall records that
ranged generally between 80 and 130 yr. Only the in-
tervals of 20 yr or less are shown for Boston, New York,
Philadelphia, Baltimore, and Washington in Fig. 2-12.
Each lag is applied starting from the first point in the
time series continuing all the way to the latest point. To
simplify the interpretation of results, the autocorrelation
values are divided by the total variance of the time series
so that a normalized spectrum is generated. Therefore,
the height of each bar in a histogram depicting the spec-
trum is proportional to the percentage of the variance
contributed by that particular period of oscillation.

Computing the smoothed spectrum in this way ef-
fectively eliminates the occurrence of peaks that are not
representative of the behavior of the time series of which
the data constitute a sample. This is because peaks (or
valleys) in an unsmoothed spectrum are not significant
unless surrounded by high (or low) values. Thus, the
percentage is implied not by the height of the histogram
column at the peak in the smoothed spectrum, but rather
by the sum of it and the neighboring columns that rise
to form the peak.

While the spectral analyses for the major metropolitan
areas are far from conclusive since the lengths of the
seasonal snowfall records are fairly short (only about
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FIG. 2-12. Normalized spectral analyses of seasonal snowfall data computed for the complete snowfall records
at Boston, New York, Philadelphia, Baltimore, and Washington. Autocorrelation values are shown only for intervals,
or lag times, of 20 yr or less. Peaks in the spectrum represent percentages of the total variance over the time intervals
they cover.

100–130 yr), and yield relatively weak signatures sup-
porting a periodic behavior, the time series analyses of
the five cities support the idea that seasonal snowfall
appears to have nonrandom fluctuations on time scales
of 5–7 and 8–12 yr. The 5–7-yr signal is most clearly

apparent in all but New York City’s time series (Fig. 2-
12). Using Boston as an example, the 5–7-yr period,
constituting less than 2% of the 127-yr record, contained
approximately 20% of the variance in the data. This
nonrandom behavior indicates that there may be climatic
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factors related to the evolution of the large-scale cir-
culation regimes operating on these time scales that may
influence these values (Livezey and Smith 1999). These
controls will be examined in the next section.

b. Possible contributing factors to seasonal snowfall
variations

Spectral analyses of time series of seasonal snowfall
in the previous section revealed fluctuations in the sea-
sonal snowfall records on the order of 5–7 and 8–12 yr.
These nonrandom fluctuations indicate that ‘‘circulation
anomalies’’ (Livezey and Smith 1999) related to the
Southern Oscillation (SO or El Niño or ENSO) and the
North Atlantic Oscillation (NAO), and may play a role
in contributing toward seasonal snowfall variations.

1) THE SOUTHERN OSCILLATION

The Southern Oscillation (SO; Walker and Bliss 1932;
Trenberth 1976, 1997) is a well-defined climatic per-
turbation that has potential effects on the weather pattern
of the North American continent, a pattern that could
contribute to snowstorms. The SO refers to sea level
pressure anomalies that develop between the Indian
Ocean–western Tropical Pacific and the east-central
tropical Pacific (i.e., Bjerknes 1969; Halpert and Bell
1997; Bell and Halpert 1998). The sea level pressure
anomalies are related to the abnormal warming and cool-
ing of the equatorial Pacific waters, termed El Niño for
warming and La Niña for cooling episodes. During El
Niño episodes, an increase in horizontal pressure vari-
ations across the Pacific affects atmospheric circulation
features such as the jet stream over the Pacific Ocean.
During a warm El Niño episode, the jet stream over the
Pacific is stronger than normal; while in a cool La Niña
event, the jet stream is weaker than normal, affecting
the subsequent development and movement of extra-
tropical cyclones that influence the United States. The
El Niño/La Niña represents a strongly coupled ocean–
atmosphere interaction and is the dominant mode of
climate variability in the global Tropics (Halpert and
Bell 1997).

In a typical El Niño episode, the enhanced jet stream
over the eastern Pacific tends to bring relatively warm
air into the western and northern portions of North
America while increased storminess is also noted across
the southern United States. In a typical La Niña episode,
storminess is inhibited over the North Pacific allowing
cold air to develop over northwestern Canada that often
spills southward into the northwestern and north-central
United States. This circulation anomaly favors upper-
level ridging, warming, and drying conditions over the
southeastern United States (see Ropelewski and Halpert,
1986, 1987, 1989, 1996; Halpert and Ropelewski 1992).
Shapiro et al. (2000) establish a link between El Niño
and La Niña with the intensity and location of the North
Pacific jet stream. They then relate the subsequent

downstream trough–ridge systems over the United
States with a tendency toward negatively tilted troughs
during El Niño and positively tilted troughs during La
Niña. Therefore, the El Niño/La Niña signal may have
a powerful effect on the tracks and intensities of storms
that affect the United States.

An SO index has been kept since 1882 with no breaks
in the record since 1932. One measure of the SO is
made utilizing the mean sea surface temperature anom-
alies over the central Pacific (5�N–5�S, 120�–170�W; see
Trenberth 1997), and is shown for the last half of the
20th century in Fig. 2-13. Significant El Niño episodes
have occurred many times over the last half of the 20th
century. Many of these episodes have been associated
with increased storminess and above normal winter pre-
cipitation across the southern and eastern United States.

Some of these El Niño episodes have been associated
with increased seasonal snowfall in the Northeast urban
corridor as well and include the winters of 1957/58,
1963/64, 1965/66, 1968/69, 1977/78, and 1986/87.
These associations would be quite compelling if not for
some significant associations between strong El Niño
episodes and significant periods of very low seasonal
snowfall. Two pronounced El Niño seasons are espe-
cially prominent, the winters of 1972/73 and 1997/98,
both of which were associated with some of the lowest
seasonal snowfalls of the century (Table 2-1). It is in-
teresting to note that during the nearly snow free winter
of 1972/73, there was an active storm track over the
eastern United States that resulted in very heavy pre-
cipitation in November and December, mostly in the
form of rain. In January and February 1973, the storm
track remained primarily over the southern United States
and was associated with above normal snowfall in the
southeastern United States, including one of the great
snowstorms of all time in Georgia and South Carolina
on 9–10 February 1973. During the winter of 1997/98,
which experienced one of the strongest El Niño events
of the 20th century, many storms battered the eastern
United States, but snow only fell north of the Northeast
urban corridor or in mountainous terrain. Most of these
storms were associated with relatively mild air. Finally,
another strong El Niño event in 1982/83 was associated
with many storms in the eastern United States, resulting
in a particularly snowy winter season for New England
(see the seasonal snowfall peak in Fig. 2-4a), but pro-
duced primarily rain in the Northeast urban corridor.
However, one storm termed the ‘‘Megalopolitan Storm’’
(Sanders and Bosart 1985a; Bosart and Sanders 1986;
also see chapter 10.11.20, volume II) was one of the
few events to occur while cold air affected the Northeast
and produced record snowfall from northern Virginia to
New England.

This suggests that the increased storminess attributed
to El Niño may, on occasion, be associated with en-
hanced snowfall observed in the Northeast urban cor-
ridor, and is consistent with a composite study relating
ENSO with regional snowfall distributions (Smith and
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FIG. 2-13. A measure of the ENSO (or SO) sea surface temperature anomalies over the
central Pacific (5�N–5�S, 120�–170�W) for the period 1950–99, derived from the NCEP/CPC.

O’Brien 2001). However, there may also be little if any
snow during strong El Niño events, which are so warm
that the precipitation falls mainly as rain in the Northeast
urban corridor. Thus, El Niño episodes may be related
with both excessive seasonal snowfall and minimal sea-
sonal snowfall. With this in mind, it is important to
recognize that strong El Niño conditions are not a pre-
requisite for snowy winters in the northeast United
States. This is especially apparent since the two snowiest
winters of the 20th century, 1995/96 and 1966/67, were
not associated with El Niño conditions.

The strong La Niña episodes depicted in Fig. 2-13,

such as 1954–56, 1964/65, 1971/72, 1974–76, 1984/85,
1988/89, and 1998/99 are mostly associated with rela-
tively low seasonal snow totals. Given the tendency for
upper-level ridging, warming, and drying over the
southeastern United States during La Niña winters, it is
not surprising to observe mostly seasonal snowfall min-
ima (cf. with Fig. 2-3).

2) THE NORTH ATLANTIC OSCILLATION

According to Livezey and Smith (1999), three cli-
matic ‘‘signals’’ strongly influence North American cli-
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FIG. 2-14. Time series of the winter index of the NAO obtained by subtracting the mean pressure departures in
Iceland from those over the Azores. Year on the x axis denotes the end of the winter season. Seasonal snowfall
departures (thin line) from a 50-yr mean 24(1949/50–1998/99) for 18 selected sites in the Northeast urban corridor
(see Fig. 2-2).

mate. One of these signals is the interannual variability
of ENSO. A second signal that operates on interdecadal
time scales (Hurrell 1995) is the North Atlantic Oscil-
lation (NAO; see Walker and Bliss 1932; van Loon and
Rogers 1978; Wallace and Gutzler 1981; Barnston and
Livezey 1987). The NAO is a measure of pressure
anomalies across the Atlantic Ocean, measured between
the Azores and Iceland, that represent circulation chang-
es over the Atlantic and surrounding land areas. The
NAO is the dominant mode of variability in the surface
circulation over the Atlantic (Hurrell 1995). The posi-
tive phase of the NAO is accompanied by lower pres-
sures over the Arctic and higher pressures over much
of the Atlantic, resulting in stronger than normal west-
erlies over the Atlantic into Europe with southerly flow
common across the eastern United States, a pattern that
would allow relatively mild conditions to occur (Hurrell
1995). The negative mode of the NAO is accompanied
by an anomalously weak subtropical high and Icelandic
low, with the Icelandic low displaced to near New-
foundland or eastern Canada with blocking patterns
common aloft and polar anticyclones common over the
eastern Atlantic and Europe. Winters are comparatively
mild in Greenland and colder in the northeastern United
States.

An analysis of the NAO during winter (December–
March) shows that the positive and negative phases can
persist for many winters. A time series of the ‘‘winter
index’’ of the NAO, derived from analyses done at the
National Centers for Environmental Prediction/Climate
Prediction Center (NCEP/CPC), is shown in Fig. 2-14.

According to Hurrell (1995), the NAO index exhibited
a downward trend from the 1940s through the 1970s, a
period when European winters were warmer than usual,
on average. From the 1970s through the 1990s, this
trend reversed with strong positive values since 1980,
with the winters of 1982/83, 1988/89, and 1989/90
marked by the highest values of the NAO index since
1864. In addition, according to Hurrell, the decadal var-
iability in the NAO has become especially pronounced
since 1950.

The seasonal snowfall for the 18 sites in the Northeast
urban corridor discussed in section 2a and shown in Fig.
2-2 can also be described as variations about a mean
value for the last half of the 20th century, exhibiting
patterns of maxima and minima. These patterns are com-
pared with the NAO shown in Fig. 2-14. What is in-
triguing about the NAO is that the seasonal snow pat-
terns appear to correlate well with the index, where
negative values of the NAO correlate with positive val-
ues of seasonal snowfall anomalies, and vice versa. For
example, the late 1950s and 1960s show the greatest
dip in the index, corresponding to the snowiest decade
of the century for many Northeast locations. Meanwhile
the 1970s show an upward trend, with a peak in the
early 1970s, corresponding to one of least snowy winters
on record, and then a minimum again in the late 1970s,
corresponding to a period of snowy winters. Note the
maximum in the early 1980s, a relative minimum in the
mid-1980s, and a very strong maximum in the late 1980s
and early 1990s. A dip in the NAO in 1995/96 correlates
with the snowiest season of the 20th century.
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FIG. 2-15. Correlation of seasonal snowfall for a composite of 18 sites (see Fig. 2-3) with the
detrended NAO (see text) for the 50-yr period 1949/50–1998/99. Here, N represents the number
of cases, A and B are the linear slope and intercept values, and R is the computed correlation.

To examine the relationship between seasonal snow-
fall in the Northeast urban corridor and the North At-
lantic Oscillation, correlation coefficients are computed
for 18 sites shown in Fig. 2-2 during the winters between
1949/50 and 1998/99. A correlation coefficient of�0.57
is computed for the sample (not shown). Since an up-
ward trend was detected in the NAO, especially since
the end of the 1960s, likely reflecting the impact of
warming during this period (see next section), the trend
was removed from the computation and the subsequent
correlation has a value of�0.64 (Fig. 2-15). This value
reflects that a significant relationship exists between sea-
sonal snowfall and the NAO between 1950 and the end
of the 20th century.

When the 18 sites are subdivided into the northern,
central, and southern areas shown in Fig. 2-2, reflecting
the impact of the NAO on cities with seasonal snowfall
averaging less than 20 in. (50 cm), from 20 to 40 in.
(50 to 100 cm), and greater than 40 in. (100 cm), the
correlations measured�0.55,�0.64, and�0.54, respec-
tively. This north-to-south division of the relationship
indicates that the mid-Atlantic region (as defined in Fig.
2-2) contributes the greatest to the total correlation be-
tween the NAO and snowfall observed in the Northeast

urban corridor. Therefore, the impact of the NAO on
seasonal snowfall appears to be the greatest in the North-
east corridor experiencing 20–40 in. (50–100 cm) of
snow, implying that the snow potential in the area in-
cluding New York City, Philadelphia, Baltimore, Prov-
idence, and Harrisburg, Pennsylvania, is the most af-
fected by conditions in the North Atlantic, as measured
by the NAO index. Since the seasonal snowfall within
this region is significantly influenced by the occurrence
of moderate to heavy snowfalls, an important relation-
ship between the NAO and the occurrence of significant
snowstorms is indicated.

While the low-frequency variations in the NAO ap-
pear to correlate well to the seasonal snowfall record of
the late 20th century, the relationship is not perfect.
Some snowy winters are associated with negative sea-
sonal values of the NAO, such as during the winters of
1957/58, 1963/64, 1968/69, 1977/78, and 1995/96.
However, there are a significant number of exceptions,
including the snowy winters of 1960/61, 1966/67, and
1993/94, which occurred during periods in which the
winter index of the NAO was significantly positive. A
comparison of monthly values of seasonal snowfall de-
partures with monthly values of the NAO index also
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TABLE 2-5. Dates of 30 Northeast snowstorms (see chapters 3 and 4) and 30 ‘‘near-miss’’ storms, including 15 ‘‘interior’’ snowstorms
and 15 ‘‘moderate’’ snowstorms (see chapter 5). The NAO column shows the sign of the average daily values of the North Atlantic Oscillation
during the storm dates (�, 0, and � represent negative values; ��1, near zero; �1 to �1, and positive values, ��1). Check marks represent
the tendency of the NAO to become more positive during the storm period.

Heavy snow cases NAO � Near-miss cases NAO �

18–19 Mar 1956
14–17 Feb 1958
18–21 Mar 1958
2–5 Mar 1960

11–13 Dec 1960
18–21 Jan 1961
2–5 Feb 1961

11–14 Jan 1964
29–31 Jan 1966
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�
�
�
�
�
�
�
�
�
�

�
�

16–17 Feb 1952
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6–7 Mar 1962
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25–27 Nov 1971
16–18 Jan 1978

�
�
�
�
�
�
�
�
0
�

�
�
�

�

5–7 Feb 1967
8–10 Feb 1969

22–28 Feb 1969
25–28 Dec 1969
18–20 Feb 1972
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5–7 Feb 1978

�
�
�
�
�
�
�

�

28–29 Mar 1984
1–2 Jan 1987

10–12 Dec 1992
3–5 Jan 1994
2–4 Mar 1994
3–5 Dec 1957
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�
�
�
�
�
0
�

�

�
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22–23 Feb 1987
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0
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�
�
�
�
0
�

�

�
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�
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0
0
�
�
�
0
�
�

�

�

�

2–4 Feb 1995
6–8 Jan 1996

31 Mar–1 Apr 1997
24–26 Jan 2000
30–31 Dec 2000

�
�
0
�
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�
�

26–27 Dec 1990
19–21 Dec 1995
2–4 Feb 1996

16–17 Feb 1996
14–15 Mar 1999

�
�
�
0
�

�
�

�

illustrated a number of similar discrepancies (not
shown).

Daily values of the NAO11 were also examined to
assess relationships with significant Northeast snow-
storms. In chapters 3 and 4, 30 significant Northeast
snowstorms are presented. In chapter 5, 30 ‘‘near miss’’
snowstorms are also presented. The daily values of the
NAO were examined for these 60 cyclones during the
period 1948–2000. Table 2-5 provides a description of
the sign of the daily NAO values during each storm
event. If the sign of the NAO changed value during a
storm event, the event was assigned a neutral or 0 value.

Of the 30 significant snowstorm cases (Table 2-5), 22
occurred during periods when the NAO was clearly in
its negative phase. Five cases occurred during periods
when the NAO was clearly positive. Of these 22 cases,
10 occurred during a period when the negative phase
of the NAO was weakening or becoming positive, sim-
ilar to the signals shown for the three examples during
January 2000, December 2000, and March 2001 (Fig.
2-16).

Of the 30 near-miss cases (Table 2-5; also see chapter
5), 16 or slightly more than half of the cases occurred

11 Daily values of the NAO from 1948 to the present were provided
by Gary Bates of the CIRES Climate Diagnostics Center.

during distinct periods during which the NAO was in a
negative mode, while 9 occurred during a positive mode.
However, 14 of 30 occurred during periods when the
negative phase of the NAO was either weakening or
becoming positive.

The daily NAO values indicate how important the
nature of the circulation pattern over the North Atlantic
can be to Northeast snowstorms. During the very mild
winter season of 1999/2000, both January and February
exhibited a positive value of the NAO. However, when
the daily NAO records are applied, it becomes clear that
the period between 12 and 29 January was characterized
by the negative phase of the NAO (Fig. 2-16). During
this period, cold weather and significant snow affected
the eastern United States, including a major snowstorm
on 24–25 January (Fig. 2-16, top). During the following
winter, two periods during which the NAO was dis-
tinctly negative occurred from mid-December 2000
through early January 2001, and then again during late
February through early March 2001. During these pe-
riods, major Northeast snowstorms occurred on 30 De-
cember 2000 and 5–7 March 2001 (Fig. 2-16, bottom).
These periods of negative NAO were marked by an
upper ridge in the North Atlantic, sometimes referred
to as the Greenland block (see chapter 4), and a deep
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FIG. 2-16. Surface weather maps for the 25 Jan 2000, 30 Dec 2000, and 6 Mar 2001 snowstorms contrasted
with daily values of the NAO over a 6-month period during which these snowstorms occurred. Red arrows
point to the dates of the surface maps.

trough or cutoff low was observed in extreme eastern
Canada.

Another common signature in the daily NAO index
for the three cases noted above is that each of these
three events occurred during a transitional period, after
the NAO reached its nadir and was trending less neg-
ative (or positive). This suggests that the weather pat-
terns occurring during the negative phase of the NAO

appear to establish conditions conducive to the forma-
tion of Northeast snowstorms, especially by locking in
colder air throughout the Northeast. The transition pe-
riod for the NAO also suggests that those conditions
may ‘‘relax’’ just prior to or during the storm. If block-
ing patterns were to remain in the North Atlantic as a
cyclone developed along the East Coast, it is possible
that the storm could not evolve into a well-developed
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FIG. 2-17. Daily values of the NAO for several periods surrounding six major snowstorms.

cyclone and move up the coast. Rather, the larger-scale
circulation might dominate and suppress the develop-
ment and track of the storms farther south and east, so
as not to affect the Northeast. While the monthly trends
in the NAO correlate with cold northeastern winters and
enhanced snowfall, the daily trends indicate that as a
negative NAO pattern weakens or shifts, a storm system
nearing the southeast U.S. coast has a better chance of
moving up the east coast as a major snowstorm, rather
than eastward over the Atlantic Ocean. While these con-
ditions can contribute to an increasing likelihood of
snowstorms in the Northeast urban corridor, they should
not be considered a sufficient condition for their oc-
currence.

Examples of six major snowstorm events described
later in this monograph that occurred during periods in
which the storms developed within a period clearly char-

acterized by a positive rebound from the negative phase
of the NAO (Fig. 2-17) provide supporting evidence to
the examples shown earlier (Fig. 2-16) that there appears
to be a significant relationship between the development
of several significant Northeast winter storms and a sign
change in the short-term fluctuations of the NAO.

This examination of the relationship between the
NAO and Northeast snow events indicates that more
than half of a sample of significant Northeast snow-
storms appear to develop during periods in which daily
values of the NAO are distinctly negative. It also ap-
pears that a significant number of these storms also oc-
cur during periods in which the negative phase of the
NAO is weakening (daily values increasing toward zero
or become positive). This offers some tantalizing as-
sociations that indicate that the onset of a period of
negative NAO values, whether they occur for days,
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weeks, or months, may be indicative of a cold period
for the Northeast and an increased potential for signif-
icant Northeast snowstorms.

3) GLOBAL WARMING

Another climatic signal that influences North Amer-
ican climate is warming that has been occurring since
the 1960s (Livezey and Smith 1999; Lau and Weng
1999). The subject of global warming and the issue of
natural variation versus anthropogenic contributions
(i.e., Santer et al. 1996; Karl 1996; Houghton et al.
2001) has become one of the great scientific and political
debates as the 21st century begins. Irrespective of its
causes, the phenomenon of global warming is associated
with rising global surface temperatures and is noted here
to complete a discussion of seasonal snowfall.

Table 2-3 offers some possible insights into the pos-
sible influence of a warming trend on seasonal snowfall.
For the cities of Boston, New York, Philadelphia, Bal-
timore, and Washington, seasonal snowfall appears to
have been at a maximum in the late 19th century. For
the last three decades of the 20th century, the means
for New York, Philadelphia, Baltimore, and Washington
were 7.0 (18), 1.8 (4), 4.2 (10), and 4.8 in. (12 cm),
respectively, less than the averages for the first 50 yr
of the century. While the decade of the 1960s included
some of the snowiest periods of the century, there has
been an overall decrease in seasonal snowfall from New
York City southward since that decade that is consistent
with a period of warming.

It is interesting to note, however, that the decade of
the 1990s and the first three winter seasons of the 21st
century brought greater variability in seasonal snowfall
that is not reflected in the mean snowfall. Five seasons
exhibited snowfall greatly exceeding all means, includ-
ing 1992/93, 1993/94, 1995/96, 2000/01, and 2002/03.
Meanwhile, several seasons exhibited much reduced
snowfall to near-record levels, including 1990/91, 1991/
92, 1994/95, 1997/98, 1998/99, and 2001/02. In addi-
tion, the three highest-ranked snowfalls using the North-
east Snowfall Impact Scale (NESIS; Kocin and Uccel-
lini 2004; also see chapter 8), representing the most
widespread snowfalls of 75 heavy snow events since
the late 19th century, have occurred since 1990.

Whether this increased variability is merely a statis-
tical blip or has some relationship to increased warming
and associated extreme climate variability represents an
interesting topic, but one that is beyond the scope of
this monograph.

4) SUMMARIZING THE RELATIONSHIPS BETWEEN

CLIMATE PATTERNS TO THE SNOWFALL

DISTRIBUTION

There are no simple relationships between major cli-
mate anomalies such as the Southern Oscillation and
the North Atlantic Oscillation, and also global warming,

to the observed variations in seasonal snowfall over the
past 130 yr. These anomalies do appear to influence the
distribution of seasonal snowfall. It appears that the oc-
currence or nonoccurrence of just a few storms can sig-
nificantly influence whether the seasonal snowfall is
above or below normal.

In some years characterized by the strong positive
phase of the SO or an El Niño, there are more cyclones
and more snowstorms. However, in some strong El Ni-
ños, there are also more cyclones but very mild con-
ditions and little significant snowfall. The influence of
El Niño appears to lead to increased storminess, but that
only occasionally translates into more snow for the
Northeast urban corridor. The influence of the positive
phase of the SO, or La Niña, appears to be related to
less, rather than more, seasonal snowfall.

The relationship between El Niño, La Niña, and mean
snowfall for the entire United States over the period
1948–93 is illustrated in Fig. 2-18, which shows that
during seven particularly strong El Niño years (com-
pared to 19 years characterized by neutral El Niño con-
ditions), snowfall has tended to be greater over the
southwestern United States and diminished particularly
over the northern Rockies and over the Ohio Valley.
There has been a tendency for slightly more snow over
the middle Atlantic region and Maine. The lack of a
strong signal for much of the Northeast urban corridor
corresponds with the tendency of El Niño winters to be
associated with both significant above and below normal
snowfall, as was discussed in the previous section. The
relationship between eight strong La Niña winters and
19 years characterized by neither La Niña nor El Niño
conditions, indicates a strong relationship with reduced
snowfall for the Northeast urban corridor (Fig. 2-18).

In some years characterized by the negative phase of
the NAO, a pattern that increases the likelihood of cold
air in the northeastern United States, seasonal snowfall
is commensurately higher, especially with regard to an
increase in moderate and heavy snow events. However,
some notable enhanced snowfall seasons are associated
with positive monthly and seasonal values of the NAO.
When the low-frequency behavior of the NAO is ex-
amined over interdecadal rather than interannual peri-
ods, there appears to be more of a relationship between
the negative phase of the NAO and seasonal snowfall.

During the period 1948–93, an examination of snow-
fall over 15 years characterized by neutral NAO con-
ditions versus 14 seasons with a significant positive ver-
sus negative phase of the NAO (Fig. 2-18) confirms a
significant relationship between the negative phase of
the NAO and snowfall across the Northeast urban cor-
ridor. Little relationship is shown between the positive
phase of the NAO and seasonal snowfall.

c. The episodic character of seasonal snowfall

While there appears to be some periodic behavior in
the seasonal snowfall records, the fluctuations in sea-
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FIG. 2-18. (a) Yearly snowfall departures (in.) for El Niño and La Niña years compared to neutral El Niño conditions. Departures are
computed for seven of the strongest El Niño years and eight of the strongest La Niña years, compared to 19 neutral years during the period
1948–93. (b) Yearly snowfall departures (in.) for both positive and negative phases of the NAO compared to neutral conditions. Departures
are computed for 14 years characterized by � conditions and 14 years characterized by—conditions, compared to 15 neutral years during
the period 1948–93. (Figure adapted from one provided by J. Janowiak, NCEP/CPC.)

sonal snowfall in all five major metropolitan areas ap-
pear to be closely linked to changes in the contribution
of the moderate and heavy snowfall events. An assess-
ment of the proportion of seasonal snowfall due to mod-
erate and heavy snowfall events (greater than 10 and 25
cm, respectively) is summarized in Fig. 2-19.

During the last half of the 20th century, moderate and
heavy events (snowstorms exceeding 10 cm) contributed
to between 55% and 65% of the total snowfall for that
period. Snowfall events exceeding 25 cm contributed
between 18% and 24% of the total snowfall. When the
10 snowiest seasons for each of the five major cities are
examined, moderate and heavy events account for an

even larger fraction of the total snowfall. In these 10
seasons, moderate to heavy events account for between
70% and 86% of the total snowfall while the major
events (�25 cm) account for between 38% and 46% of
the total snowfall.

These numbers show that the moderate to heavy
snowstorm events account for more than half to nearly
two-thirds of the seasonal snowfall record in the North-
east urban corridor during the last half of the 20th
century. During the 10 snowiest seasons, the increase
in seasonal snowfall is accompanied by an increase in
the moderate to heavy events, accounting for three-
quarters or greater of the total snowfall. During these
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FIG. 2-19. (a) Histogram of the percentage of total seasonal snowfall during the period 1949/50–
1998/99 due to moderate (�10 cm, blue) and heavy snow events (�25 cm, red). (b) Histogram of the
percentage of the 10 snowiest seasons during the period 1949/50–1998/99 due to moderate (�10 cm,
blue) and heavy snow events (�25 cm, red).

snowy seasons, the largest events, with snowfall great-
er than 25 cm, account for more than a third of the
snow that falls. In the specific case of New York City,
heavy snow events (greater than 25 cm) accounted for
nearly half the total snowfall. The results illustrate the

importance of these big, although rare, events in in-
fluencing the seasonal snowfall characteristics and re-
lated trends.

These results indicate that variability in seasonal
snowfall appears to be more often ‘‘episodic’’ than pe-
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riodic in nature. In other words, winters in the Northeast
urban corridor are characterized by prolonged snowfall
droughts separated by sporadic episodes of significant
seasonal snowfall. Furthermore, these episodes of sig-
nificant snowfall are related almost entirely to changes
in the frequency of moderate and heavy snowstorms. In
the mean, these moderate and heavy snowstorms are
relatively infrequent, averaging only about one to four
events per season between Washington and Boston. But
these numbers increase significantly during snowy win-
ter seasons.

In addition, the occurrences of heavy snow events
(�25 cm) are typically very rare, sometimes not oc-
curring for several years at a time. However, during the
10 snowiest winters, the number of these events in-
creases, with as many as four during a season in Boston
to two to three from Washington to New York City.
While an increase in moderate events can be related to
a more active storm track or the presence of colder-
than-normal conditions, the relatively rare heavy snow
events that focus snowfall along the coastal plain war-
rant an examination of conditions that are conducive to
their formation.

Table 2-6 contains a list of 115 ‘‘heavy snowstorm’’
events during the latter half of the 20th century and
beginning of the 21st century that produced snowfalls
of 25 cm or more in at least 2 of the 21 sections shown
in Fig. 2-5 that encompass the Northeast urban corridor.
These storms can be considered a listing of the most

widespread and significant snowstorms of the last half
of the 20th century. While all of these events were re-
sponsible for significant areas of heavy snow across
portions of the Northeast urban corridor, there are many
variations in snowfall distribution from case to case.
Some of these cases produced the heaviest snows pri-
marily inland away from the coast and the centers of
greatest population, or farther northward, usually from
north of Boston to Maine. These storms are discussed
in chapter 5. During these events, much of the highly
urbanized sections from Virginia to extreme southern
New England experienced a significant changeover from
snow to rain, freezing rain, or ice pellets. These near-
miss cases will be used to illustrate the sometimes subtle
differences that may distinguish the crippling heavy-
snow producers in the urban corridor from the near miss-
es that are quickly forgotten by most the Northeast’s
urban inhabitants.

Thirty cases in which the snowfall is heaviest within
the Northeast urban corridor (each italicized in Table 2-
6) will form the bases of Chapters 3, 4, and 10 (volume
II), where the general characteristics and structure of
the most paralyzing snowstorms within the most heavily
populated portions of the Northeast urban corridor are
examined in depth. In the next two chapters, an ex-
amination of the surface and upper-level conditions that
contribute to and are associated with some of the most
significant snowstorms provides insight into those rel-
atively rare conditions that can impact many millions
of lives.



41

Chapter 3

SYNOPTIC DESCRIPTIONS OF MAJOR SNOWSTORMS: SNOWFALL AND
SURFACE FEATURES

In this chapter, the distribution of heavy snowfall and
surface features are summarized for 30 major snow-
storms that affected the Northeast urban corridor be-
tween 1950 and 2000. Estimates of the areal coverage
for snowfall amounts exceeding 10 (25), 20 (50), and
30 in. (75 cm) and a normalized population distribution
(using the 1999 census) affected by heavy snowfall are
provided in Fig. 3-1 and Table 3-1. These estimates are
generated using a Geographic Information System (GIS)
software package developed by Environmental Systems
Research Institute, Inc. (ESRI), applied to the snowfall
distributions for all 30 cases. The numbers contained in
these estimates not only convey a comparative measure
of the snowfall coverage of each storm but can also be
viewed as a potential measure of the impact these storms
had on the general population. Such measures are
weighted toward the largest cities, precisely where the
greatest impact on the largest numbers of people would
be expected to occur. A measure of the areal coverage
of the storms and its relation to the population lends
itself to the formulation of an area- and population-
weighted scale that provides a useful perspective on
these storms’ relative impact that can be communicated
to the general public. A Northeast Snowstorm Impact
Scale (NESIS; also see Kocin and Uccellini 2004), its
formulation based on the principles above and appli-
cation toward a quantitative rating of these storms and
examples, is presented in chapter 8.

1. Snowfall distribution

In Fig. 3-2, the shaded regions for snowfall amounts
exceeding 10, 20, and 30 in. (25, 50, and 75 cm) depict
the typical southwest–northeast-aligned synoptic-scale
banding that accompanies major snow events in the
Northeast urban corridor. These bands of snowfall
amounts greater than 10 in. (25 cm) average more than
500 km in length and from 200 to 500 km in width.
The mean areal coverage for all 30 storms is 91 � 103

mi2 (1.4 � 105 km2), and on average over 35 million
people were affected by each storm (Table 3-1), nor-
malized to 1999 census figures. The largest coverage of
10-in. (25 cm) snowfall is observed with the March 1993
‘‘Superstorm,’’ which is likely the most widespread
snowstorm east of the Mississippi River on record (Ko-

cin et al. 1995), with the heaviest snows extending
southward to Alabama and westward into the Ohio Val-
ley. Over 100 million Americans experienced accu-
mulating snow from this storm and approximately 60
million from Virginia to Maine experienced accumu-
lations of 10 in. (25 cm) or greater. [Other widespread
storms include those of 14–17 February 1958, 2–5
March 1960, 3–5 February 1961, 11–14 January 1964,
19–21 January 1978, 11–12 February 1983, 21–23 Jan-
uary 1987, and 6–8 January 1996 (Table 3-1). Of the
cases presented here, the smallest areal distributions are
shown by the cases of 18–20 March 1956, 25–27 Jan-
uary 1987, 22–24 February 1987, and 31 March–1 April
1997.] Within the 13-state region composing the north-
east United States from Virginia to Maine, 11 of the 30
storms produced accumulations greater than 10 in. (25
cm) over areas presently inhabited by more than 40
million individuals (Table 3-1). [The largest of these
storms include the March 1993 Superstorm, the January
1996 ‘‘Blizzard of ’96,’’ the February 1983 ‘‘Megalo-
politan’’ storm (50 million people affected), the two
winter storms of January and February 1978 (48 and
43 million, respectively), and the snowstorms of Feb-
ruary 1958, (50 million), March 1960 (50 million), and
February 1961 (48 million).]

Snowfalls of 20 in. (50 cm) or greater were observed
in every storm except that on 25–27 January 1987 [the
most widespread 20-in. (50 cm) snowfalls were pro-
duced by the storms of 22–28 February 1969, 5–7 Feb-
ruary 1978, 10–12 February 1983, 13-14 March 1993,
and 6–8 January 1996 (Table 3-1)], with the storms of
1993 and 1996 covering the largest areas of the 30-case
sample (Fig. 3-2b). During the storm of January 1996,
an estimated 30 million people experienced accumula-
tions of 20 in. (50 cm) or greater.

Snowfall accumulations exceeding 30 in. (75 cm)
were analyzed in 12 of the 30 cases with the largest
areal distributions exhibited by the storms of 22–28 Feb-
ruary 1969, March 1993, and January 1996 (Table 3-
1). The greatest number of people affected by 30-in.
(75 cm) amounts occurred again during the January
1996 blizzard (Fig. 3-2b; Table 3-1) as the area of heavi-
est snowfall extended from eastern West Virginia north-
eastward to northern New Jersey, affecting an estimated
5 million people. In some cases, snowfall greater than
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FIG. 3-1. Estimated population (in millions) affected by snowfall accumulations exceeding 10 (25), 20 (50), and 30 in. (75 cm) during 30
Northeast snowstorms. Population estimates are based on 1999 census figures.

30 in. (75 cm) occurred in a few isolated locations, while
others produced significant areas, with localized totals
of 40–50 in. (100–125 cm) or greater.

Notable examples of storms yielding significant areas
of snowfall accumulations of 30 in. (75 cm) or more
include the February 1958 ‘‘Blizzard of 1958,’’ which
left up to 3 ft (90 cm) of snow and greater on north-
eastern Pennsylvania and the Catskill Mountains in New
York. The wet snowstorm of 19–21 March 1958 pro-
duced greater than 30 in. of snow (75 cm) across por-
tions of northern Maryland and southeastern Pennsyl-
vania, with a maximum of 50 in. (125 cm) at Morgan-
town, Pennsylvania, a record snowfall for the state. The
snowstorm of 2–5 February 1961 produced many areas
of 20 in. or greater, on top of unmelted snow remaining
from earlier storms, and produced up to 40 in. (100 cm)
at Cortland, New York. The January 1966 ‘‘Blizzard of
’66’’ combined with ‘‘lake effect’’ snowfall to produce
101 in. (257 cm) in 3 days at Oswego, New York, and
over 42 in. (107 cm) at Syracuse, New York. The ‘‘one
hundred hour’’ snowstorm of late February 1969
dumped 2–3 ft of snow (60–90 cm) across eastern Mas-

sachusetts, up to 56 in. (142 cm) at Long Falls Dam,
Maine (a state record), and 77 in. (198 cm) and 98 in.
(248 cm), respectively, at Pinkham Notch and Mount
Washington, New Hampshire (both state records). Nine
years later, the great snowstorm of February 1978 pro-
duced 30 in. or more across eastern Massachusetts and
northern Rhode Island, with 38 in. (97 cm) at Woon-
socket, Rhode Island (the official state record), and un-
official measurements of up to 55 in. (139 cm). The
Megalopolitan Snowstorm of February 1983 yielded 30-
in. (75 cm) amounts across northern Virginia and west-
ern Maryland.

The 1990s brought two of the most widespread,
heaviest snowstorms of the 20th century with the 12–
14 March 1993 Superstorm and the 6–8 January Bliz-
zard of 1996. Only a few months prior to the March
1993 Superstorm, an intense cyclone on 11–12 Decem-
ber 1992 produced 30–40-in. (75–100 cm) accumula-
tions in the highlands of western Maryland and Penn-
sylvania and up to 4 ft (120 cm) in western Massachu-
setts (see chapter 5). The 1993 Superstorm produced its
heaviest snowfall amounts along the spine of the Ap-
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TABLE 3-1. Estimated area (� 103 mi2) and population (in millions, 1999 census), affected by snowfall accumulations of 10 in. (25 cm)
or greater during 30 Northeast snowstorms (Fig. 3-2). In addition, estimated areas and populations are also listed for amounts exceeding 20
(50) and 30 in. (75 cm).

Date 10-in. area 10-in. pop 20-in. area 20-in. pop 30-in. area 30-in. pop

18–19 Mar 1956
14–17 Feb 1958
18–21 Mar 1958
2–5 Mar 1960

11–13 Dec 1960
18–21 Jan 1961
2–5 Feb 1961

11–14 Jan 1964
29–31 Jan 1966
23–25 Dec 1966

28.6
126.0

62.1
133.7

74.5
62.3

112.2
110.3
122.5

83.4

32.8
53.8
40.7
53.9
48.0
43.0
50.3
48.8
23.8
18.1

2.6
20.2
13.8

7.6
0.6
5.7

19.4
10.3
12.3

9.9

2.6
6.0
7.5
8.5
2.5
2.9
8.7
1.5
2.4
1.4

3.4
3.5

1.4

1.5

0.8
0.7

0.2

0.5

5–7 Feb 1967
8–10 Feb 1969

22–28 Feb 1969
25–28 Dec 1969
18–20 Feb 1972
19–21 Jan 1978
5–7 Feb 1978

17–19 Feb 1979
6–7 Apr 1982

10–12 Feb 1983
21–23 Jan 1987

50.9
66.4
48.4

131.4
140.9
161.6
120.5

56.9
76.8

111.1
132.8

44.8
31.2
10.3
25.0
24.5
50.9
47.6
31.5
22.5
51.4
34.9

11.6
40.8
37.6
13.5

8.3
30.7

4.3
21

33.7
2.0

9.6
8.2
4.0
1.4
3.2

16.0
3.0
0.6

25.7
0.1

24.2

0.9

0.9

4.2

1.2

0.2

25–26 Jan 1987
22–23 Feb 1987
12–14 Mar 1993
8–12 Feb 1994
2–4 Feb 1995
6–8 Jan 1996

31 Mar–1 Apr 1997
24–26 Jan 2000
30–31 Dec 2000

38.0
28.3

212.6
55.0
98.0

137.9
32.0
59.6
56.5

11.5
16.6
59.9
39.0
29.9
56.6
13.0
19.7
28.0

0.3
119.2

4.4

88.7
13.1

3.7

0.1
16.3
13.4

39.7
7.0

1.4

11.7

15.5
3.1

1.8

4.7
2.2

palachians with 20-in. (50 cm) amounts common from
the mountains of North Carolina northward to New York
and 30–40-in. snowfalls (75–100 cm) scattered across
West Virginia, western Maryland, Pennsylvania, New
York, and New England.1 During the 6–8 January Bliz-
zard of 1996, 30 in. (75 cm) or more were measured
across a large region of northern Virginia, eastern West
Virginia, northern Maryland, and portions of south-
eastern Pennsylvania and northeastern New Jersey.2

During the early spring snowstorm of 31 March–1 April
1997, 30-in. (90 cm) amounts were recorded in portions
of the Catskill Mountains in New York and across por-
tions of central and eastern Massachusetts and northern
Rhode Island.3

In contrast to the large synoptic-scale characteristics
of the bands of heavy snowfall, the distance between
regions experiencing heavy snow and little or no snow
across the band can be surprisingly small, especially

1 A new state record for Maryland was established at Grantsville
with 47 in. (119 cm), and 40-in. (100 cm) amounts were reported in
New York, Pennsylvania, Vermont, and West Virginia.

2 New state records for storm snowfall were established for Virginia
with 49 in. (125 cm) at Big Meadows, and for New Jersey with 35
in. (89 cm) at White House Station.

3 This includes 33 in. (83 cm) at Worcester, Massachusetts, their
largest snowstorm on record, and 25.4 in. (63 cm) at Boston, Mas-
sachusetts, its greatest 24-h snowfall of record.

along the northern boundary of the heavy snow area.
For example, during the Blizzard of 1996, Albany, New
York, remained at the northern edge of the snow, re-
porting only 1 in. (2.5 cm), while only 25 mi to its
south, snowfall approached 20 in. (50 cm). Another ex-
ample is the Presidents’ Day Storm of February 1979,
which brought snowfalls of up to 16 in. (40 cm) across
northeastern New Jersey and New York City, while the
northern suburbs of New York City measured only 4 in.
(10 cm) or less, and much of Connecticut and southern
New England received no snow at all.

Other factors, such as changeovers from snow to ei-
ther ice pellets, freezing rain, rain, or a mixture of any
of these elements, can have a significant impact of the
distribution of total snowfall. For example, during the
March 1993 Superstorm, snow depths of 10–12 in. (25–
30 cm) were common in the major Northeast cities with
greater totals farther west, but a changeover to ice pellets
and freezing rain kept accumulations at half of what
would have accumulated if the precipitation that fell
during the storm remained as snow. In this event, the
combined mix of snow and ice pellets produced a dense
icy mass that was resistant to snow removal efforts since
it contained the liquid equivalent of a 20–30-in. (50–
75 cm) snowfall. As another example, the storm of 9–
10 February 1969 produced snowfall accumulations of
greater than 20 in. (50 cm) in the northwestern suburbs
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FIG. 3-2. (a), (b) Storm snowfall in excess of 10 in. (25 cm) (blue � 25 cm; green � 50 cm; red � 75 cm)
for major snowstorms between 1950 and 2000.
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FIG. 3-2. (Continued )
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of Boston, and 10–20 in. (25–50 cm) within the city
limits, while insignificant amounts occurred in the
southeastern suburbs, where the snow was mixed with
rain and ice pellets. During other episodes, such as the
storms of January and February 1961, the greatest snow
amounts were measured in a narrow band along the
northern fringe of the band of heavy snowfall, a factor
that is discussed in chapter 6.

Elevation differences can also have a significant im-
pact on the distribution of snowfall. During the storm
of 19–21 March 1958, differences in elevation of only
100–200 m were the critical factor between mixed pre-
cipitation and snowfalls that exceeded 20 in. (50 cm)
in parts of Pennsylvania and Maryland. Such extreme
variability within a small area continues to present a
tremendous challenge to the forecast community.

Every storm displayed local variations that are func-
tions of the local topography and/or mesoscale pro-
cesses. These local variations point to the difficulty in
making precise forecasts of snowfall amounts and also
indicate that a snowstorm scale based solely on areal
coverage could limit the utility of such a scale, as is
discussed in chapter 8. The mesoscale variations in
snowfall will be addressed in chapter 6. The physical
and dynamical processes that affect the spatial distri-
bution and intensity of the snowfall associated with
these storms are addressed in the following sections, as
well as in chapter 7.

2. Cyclones

All 30 Northeast snowstorms identified in Table 3-1
are characterized by the development and propagation
of well-defined cyclonic circulations along the east coast
of the United States. Minimum sea level pressures for
the cyclones associated with the 30-case sample range
from 960 hPa (4 March 1960 and 13-14 March 1993)
to 1009 hPa (11 February 1994), with an average min-
imum pressure of 978 hPa, indicating that many of these
cyclones were quite intense. The initial development
and subsequent movement of these low pressure systems
appear to be influenced by the land–sea interface be-
tween the East Coast and the Atlantic Ocean and by the
Appalachian Mountains. Once the cyclones move over
the Atlantic Ocean, they tend to develop more rapidly.
The rapid intensification of East Coast cyclones is ad-
dressed in section 2c of this chapter.

The coastline serves as a focal point for cyclogenesis
since it represents the natural boundary between cold
air trapped over the coastal plain or ‘‘dammed’’ east of
the Appalachian Mountains and boundary layer air
warmed and moistened by the Atlantic Ocean (Baker
1970; Bosart 1975; Richwein 1980; Forbes et al. 1987;
Bell and Bosart 1988). The crucial role of cold-air dam-
ming and its relationship to coastal frontogenesis (Bos-
art 1975) and cyclogenesis are explored in section 3a
of this chapter and in chapter 7.

The coastline also represents a discontinuity in sur-

face roughness that influences low-level divergence and
enhances cyclogenetic circulation patterns (Bosart 1975;
Anthes and Keyser 1979; Ballentine 1980; Danard and
Ellenton 1980). The shape of the coastline perhaps plays
a role in the cyclogenetic process, since concave coast-
lines tend to promote cyclogenesis (Petterssen 1956;
Godev 1971a,b; Bosart 1975; Ballentine 1980). The
North Carolina and New England coasts exhibit a con-
cave shape and are two areas prone to cyclogenesis and
coastal frontogenesis (Bosart 1975).

The role of the Appalachians in the evolution of the
East Coast cyclogenesis is harder to discern. Petterssen
(1956, p. 267) showed that cyclogenesis occurs down-
stream of mountain chains and along coastlines, espe-
cially near the Rocky Mountains, the Alps, the Hima-
layas, and along the eastern coasts of North America
and Asia. A mechanism termed ‘‘lee cyclogenesis’’ re-
lates a tendency for cyclonic development on the lee-
ward or downwind sides of mountain chains to en-
hancements in the relative vorticity when vortices are
‘‘stretched’’ as they cross mountain chains (i.e., see Hol-
ton 1979, 87–89; Smith 1979, 163–169). This mecha-
nism appears to be most important in the lee of extensive
and steep mountain chains, such as the Rocky Moun-
tains (i.e., Newton 1956; Carlson 1961; Egger 1974;
and others) and the Alps (i.e., Bleck 1977; Buzzi and
Tibaldi 1978; Smith 1984; and others). The influence
of the Appalachian Mountains on cyclogenesis appears
to have a small but significant impact on the path of
the storm (O’Handley and Bosart 1996), forcing it to
take a path farther south and east of its initial track. In
the absence of cold-air damming, the surface lows ap-
pear to develop farther south along the cyclone’s cold
front in the lee of the Appalachians. If cold-air damming
is present, the lows tend to form farther east near the
coastline (O’Handley and Bosart 1996). Processes re-
lated to the presence of the mountains are important
factors in maintaining cold air over the coastal plain,
contributing to the enhanced low-level baroclinicity at
the coastal–ocean interface required for cyclogenesis
(see section 3c).

a. Cyclone paths and redevelopment

The general characteristics of low pressure centers
that develop along the East Coast have been described
previously by Austin (1941), Miller (1946), and Mather
et al. (1964). Miller examined 200 cases of varying
intensity spread over a 10-yr period ending in 1939 and
categorized East Coast storm development into two
types: A and B. Type-A storms resemble the classical
polar front wave cyclone studied by the Norwegian
school (Bjerknes 1919; Bjerknes and Solberg 1922).
The surface low, defined by the formation of at least
one closed isobar, develops along a frontal boundary
separating an outbreak of cold continental air from
warmer maritime air. Type-B storms represent a more
complex cyclonic development that Miller describes as
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a phenomenon unique to the east coast of the United
States. Type-B systems feature the development of a
secondary area of low pressure along the East Coast to
the southeast of an occluding primary, or initial, low
pressure center that moved to and filled over the Ohio
Valley, west of the Appalachians. The secondary low
pressure center forms along the primary cyclone’s warm
front, which separates a shallow wedge of cold air be-
tween the Appalachian Mountains and the Atlantic
Ocean from warmer air over the ocean. While there
continues to be a debate concerning a physical basis for
the A and B classifications proposed by Miller, his study
cites secondary sea level development as one of the most
intriguing aspects of cyclogenesis along the east coast
of the United States. The formation of a secondary low
pressure center is of particular concern to forecasters,
since their ability to predict the onset of cyclogenesis
and the subsequent track of the surface low pressure
center is a key factor in the forecast of when and where
the heaviest snows will occur.

The cyclone paths for the 30 snowstorm cases and
their relationship to the snowfall and 500-hPa vorticity
maxima are depicted in Figs. 3-1a–e. A comparison of
the cyclone tracks from all of the cases and their snow-
fall distributions (Figs. 3-3a–e) indicates that the axis
of heaviest snow accumulations is usually found 100–
300 km to the left of, and roughly parallel to, the paths
of low pressure centers that track northeastward along
the Atlantic coast. While snowfalls exceeding 10 in. (25
cm) occur typically well to the left of the cyclone track,
the March 1993 Superstorm may be in a class of its
own since more than 10 in. (25 cm) fell in areas where
the center of the storm later passed. This is unusual
because it is rare to receive heavy snow accumulations
along the path of the surface low since warming asso-
ciated with the cyclone’s circulation will usually allow
snow to change to rain before substantial accumulations
occur.

Most of the cyclones moved along tracks that have
some similarities to the type-A and -B storms described
above. In the first scenario, a low pressure system de-
velops over or near the Gulf of Mexico in association
with a distinct 500-hPa vorticity maximum moving east-
northeastward from the southwestern United States. The
cyclone then tracks northeastward along the Atlantic
Coast with snow falling approximately 200 km to the
left of the storm track. The tracks of the surface cyclones
associated with the January Blizzard of 1966 (Fig. 3-
3b), 21–23 January 1978 (Fig. 3-3c), the March 1993
Superstorm (Fig. 3-3d), and the January Blizzard of
1996 (Fig. 3-3e) are the best examples of this scenario.
These storms are similar to the type-A storms defined
by Miller and represent classic ‘‘nor’easters’’ since they
move northeastward along much of the Atlantic coast,
affect the entire northeast United States, and are often
accompanied by strong northeasterly winds.

In the second scenario that emerges from
Figs. 3-3a–e, cyclones that develop initially over a va-

riety of locations such as Canada, the central or western
United States, or even over the Gulf of Mexico track
toward the Appalachian Mountains. Once the cyclone
reaches the Ohio Valley just west of the spine of the
Appalachian Mountains, a new or ‘‘secondary’’ cyclone
develops near or along the coastline as the 500-hPa
vorticity maximum continues moving toward the East
Coast.4

Some other cases have primary lows, which originate
farther north, across southern Canada or the northern
plains. These southeastward-propagating low pressure
systems originating over Canada have been referred to
by forecasters as ‘‘Alberta clippers’’ or simply ‘‘clip-
pers.’’ In some cases, these clippers are associated with
amplifying upper-level troughs, which then initiate a
secondary low off the East Coast that produces a major
snowstorm [e.g., the March 1956 snowstorm (Fig. 3-
3a) and the February 1978 blizzard (Fig. 3-3c)]. In each
of these cases, the development of a secondary cyclone
near or along the coastline is very similar to the Miller
type-B cyclone.

Sixteen of the 30 cases developed either over the Gulf
of Mexico or in one of the states bordering on the Gulf
and then moved northeastward along the Atlantic coast
and are grouped within a ‘‘Gulf of Mexico–Atlantic
coast’’ category (Fig. 3-4). These systems passed south
of the Appalachian Mountains and headed northeast-
ward along the East Coast, near or offshore of the middle
Atlantic and southern New England coasts. Many of
these cases followed similar paths once off the middle
Atlantic, New England, and Nova Scotia coastlines. A
few cases passed inland across New England, and these
cases were typically associated with a changeover to
rain along the New England coast (also see chapter 5).
Although the development of a secondary low pressure
center was not observed in these 16 cases, 10 of these
cases exhibited a ‘‘center jump’’ (see Figs. 3-3a–e; note
the dashed portions of the storm tracks along the East
Coast in the cases of February 1958, January 1966,
December 1966, February 1967, January 1978, Feb-
ruary 1983, the two storms of January 1987, February
1987, and January 1996). In these cases, the surface low
pressure center propagated northeastward along the
Southeast coast and appeared to suddenly redevelop far-
ther to the northeast along the coast. This redevelopment
occurs along the same path as that of the primary low
center, in contrast to the separate tracks that mark ‘‘At-
lantic coastal redevelopments’’ (Fig. 3-5). The sudden
acceleration of the surface low that characterized center

4 The cyclones associated with the December 1960 and March 1960
snowstorms (Fig. 3-3a), the February 1961 snowstorm (Fig. 3-3b),
the ‘‘Lindsay’’ snowstorm of early February 1969 (Fig. 3-3b), and
the April Blizzard of 1982 (Fig. 3-3d) are all examples of ‘‘sec-
ondary’’ developments along the East Coast while a primary low
stalls and fills over the Ohio Valley, West Virginia, or western Penn-
sylvania, west of the mountains.
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FIG. 3-3. (a)–(e) Paths of surface low pressure centers (solid, black) and 500-hPa vorticity maxima (dashed, blue) for all 30 cases. Symbols
along path represent 12-hourly positions (solid circles for surface centers and starred circles for vorticity maxima) and numerical values are
the sea level central pressures (hPa) of the cyclones at 12-hourly intervals (date/time included). Shading indicates snowfall exceeding 10
in. (25 cm) north of the Virginia–North Carolina border. AR and GA refer to Atlantic Coastal Redevelopment and Gulf of Mexico/Atlantic
Coast categories, respectively, as discussed in text.
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FIG. 3-3. (Continued )
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FIG. 3-3. (Continued )
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FIG. 3-3. (Continued )
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FIG. 3-3. (Continued )
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FIG. 3-4. Paths of all low pressure centers grouped according to Gulf of Mexico–Atlantic Coast category. Examples are
shown beneath using 12-hourly surface analyses of the Jan 1966 and Jan 1978 snowstorms.
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FIG. 3-5. Paths of all low pressure centers grouped according to Atlantic coastal redevelopment category. Examples are shown
beneath using 12-hourly surface analyses of the Mar 1960 and Feb 1961 snowstorms.
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jumps occurred almost exclusively along or near the
Carolina coastline.

Thirteen cases fit into the Atlantic coastal redevel-
opment scenario (Fig. 3-5), in which a distinct second
low pressure center forms to the southeast of a preex-
isting primary low (this scenario is well represented by
the storms of March 1960, February 1961, January
1964, 8–10 February 1969, April 1982, and February
1995). The primary low pressure centers originated over
diverse areas including the western Gulf of Mexico, the
southern plains states, and the upper Midwest, with a
locus of tracks oriented from the southern plains states
to the upper Tennessee and Ohio Valleys (see Fig. 3-
5). As each primary low pressure center moved toward
the Appalachian Mountains, a secondary center devel-
oped over the Carolinas, southeastern Virginia, and the
offshore Atlantic Ocean. Once the secondary low de-
veloped, the primary low then dissipated within
6–24 h. The secondary low pressure centers followed
similar paths from eastern North Carolina northeastward
to the waters offshore of the middle Atlantic states and
southern New England, passing to the south of New
England northeastward toward the offshore waters east
of Nova Scotia. The one exception is the low pressure
center associated with the January 1961 ‘‘Kennedy In-
augural Storm’’ (see Fig. 3-3a).5 A study of a 7-yr sam-
ple of wintertime cyclones that crossed the Appala-
chians showed that although 30% of all cyclones did
not conclusively exhibit redevelopment, ‘‘no cyclones
appeared to cross the mountains completely intact’’
(O’Handley and Bosart 1996). They attributed this un-
certainty to the limited spatial and temporal data reso-
lution near the mountains.

In total, 23 of the 30 cases, including the 10 cases
exhibiting ‘‘center jumps’’ and the 13 cases of Atlantic
coastal developments clearly show a redevelopment
and/or sudden acceleration of the surface low along the
East Coast, especially along the Carolina coastline. The
clustering of cyclone tracks near the coastline in systems
that underwent secondary cyclogenesis or a center jump
indicates that these storms are influenced by the un-
derlying topography and coastal thermal contrasts. The
Appalachian Mountains mark a transition between the
areas where primary storm systems weaken and the re-
gion in which secondary storms develop and intensify
farther east. Secondary cyclogenesis and center jumps
also seem to be confined to the vicinity of the Carolina
coast, lending support to the idea that the coastline and
the land–ocean interface have a fundamental impact on

5 It followed a path more typical of cyclones that undergo sec-
ondary redevelopment, but no secondary development was observed.
It is possible that the rapid propagation of this system masked a
redevelopment of the sea level center in southeastern Virginia while
the primary low dissipated over the Tennessee–North Carolina moun-
tains, as is inferred from 3-hourly (National Meteorological Center
(NMC, now known as the National Centers for Environmental Pre-
diction) analyses.

the dynamic and the thermodynamic processes that con-
tribute to storm development.

b. Snowstorm duration and propagation rates

Storm duration is another factor that influences its
impact, especially with respect to the total snowfall as-
sociated with each storm. Storm duration is shown for
all 30 storms in Fig. 3-6 for all five major urban centers.
The durations for snowfall, other frozen precipitation
(freezing rain, ice pellets), and rain are included to help
distinguish those storms that occurred as all snow from
those storms that also reported a period of rain or other
frozen precipitation for more than an hour. In general,
about two-thirds of all cases occurred as all snow, while
about one-third of the cases involved some combination
of snow, rain, and ice pellets.

In the five major urban centers, 11 storms produced
all of their precipitation in the form of snow (the storms
of March 1956, February 1958, March 1960, January
1961, January 1964, February 1967, February 1978, Feb-
ruary 1979, February 1983, 25–27 January 1987, and
February 1987). For several of the other storms, the more
southern cities of Washington and Baltimore received
more hours of mixed precipitation than did their northern
counterparts of New York and Boston. For example,
mixed snow, rain, and/or ice pellets occurred for several
hours during several storms (for the storms of December
1960, February 1961, February 1969, January 1978,
April 1982, February 1994, January 1996, and 31 March–
1 April 1997), diminishing final accumulations. Con-
versely, precipitation fell mainly as snow in Washington,
Baltimore, and Philadelphia but changed to rain farther
north in New York and Boston in four cases (the storms
of January 1966, December 1966, 21 January 1987, and
February 1995), when the surface low propagated on a
northward, rather than northeastward, path as it reached
the Atlantic coast (see relevant cases in Fig. 3-3). In the
last category of cases, snowfall changed to mixed pre-
cipitation or rain in all five cities during four storms
(March 1958, December 1969, February 1972, and
March 1993). Some of the factors for the changeover
include the inland track of the surface low and, in the
cases of March 1958 and April 1982, the late season.
The physical processes that distinguish between snow-
storms, rainstorms, and those storms containing mixed
precipitation will be discussed in chapter 5.

The storm duration also provides an estimate of a
mean snowfall rate for individual storms. For example,
the February 1979 Presidents’ Day Storm and the Jan-
uary Blizzard of 1996 both yielded approximately 20
in. (50 cm) of snow at Baltimore. However, the Presi-
dents’ Day Storm produced 20 in. (50 cm) of snow in
only 19 h while the Blizzard of 1996 yielded 22.5 in.
(57 cm) of snow over a period of 37 h. It is obvious
that while slightly less snow fell in 1979, the snowfall
rate during the Presidents’ Day Storm was twice as
great, on average, as that in the Blizzard of 1996. The
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FIG. 3-6. Graph of total snowfall (gray, cm; scale on left) vs precipitation type and duration (h; scale on right) for 30 cases at
five Northeast urban locations. Precipitation type is represented as snow (blue), ice pellets or mixed snow and ice pellets (violet),
and rain or mixed rain, snow, and ice pellets (green).
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length of each storm varied from around 10 h (for sev-
eral storms that later changed to rain) to as much as
100 h during the late February 1969 snowstorm in Bos-
ton. The mean duration of the storm sample, calculated
only for those cities in which greater than 6 in. of snow
fell, increases from south to north from Washington to
Boston with a mean of approximately 24 h at Wash-
ington to a mean of 31 h at Boston. The longer duration
in the more northern locations is likely related to a well-
known characteristic of the cyclones that decrease their
forward motion as they intensify and ‘‘stall’’ near the
New England coast (see below).

A comparison of the total snowfall (Fig. 3-2), storm
duration (Fig. 3-6), and the paths of the surface low
pressure centers (Fig. 3-3) indicates that differences in
snowfall amounts and duration are associated with the
considerable case-to-case variability in the propagation
of the surface low pressure centers. In the examples
cited above, the surface low pressure system associated
with the January 1996 storm moved considerably slower
than did the February 1979 Presidents’ Day Storm. On
one end of the spectrum are the rapidly moving cy-
clones, such as the surface low pressure center associ-
ated with the snowstorm of February 1967 (Fig. 3-3b),
which moved from southern Alabama to a position south
of Nova Scotia in a period of only 24 h at a mean rate
of 28 m s�1. Snowfall amounts along the axis of the
heaviest snowfall were generally in the range of 8–12
in. (20–30 cm) since snow fell for a period of 15 h or
less (Fig. 3-6).6

In contrast, the surface low pressure center associated
with the snowstorm of March 1958 progressed north-
eastward at an unusually slow pace, averaging only 5
m s�1 over the 60-h period the storm was tracked (Fig.
3-3a). During this storm, snow fell continuously for 3
days at some locations, with accumulations of 30 to as
much as 50 in. (75–125 cm) in Maryland and Penn-
sylvania. The 100-h snowstorm of late February 1969
was also associated with an exceptionally slow-moving
cyclone that initially moved at a pace of 5–6 m s�1 and
later wandered at a slower pace, resulting in the one of
the heaviest snowstorms on record for eastern Massa-
chusetts, New Hampshire, and Maine. The January Bliz-
zard of 1996 was another slow-moving cyclone and was
the most prolonged snowfall of the sample for Wash-
ington, Baltimore, and Philadelphia (Fig. 3-6), with
snows falling for an average of 36 h.

In addition, most of the cyclones are marked by sig-
nificant changes in speed during their evolution. De-
celerations in the forward motion of the cyclones, some-
times termed ‘‘stalling’’ occurred most frequently in this

6 Other relatively fast-moving storms include the low pressure sys-
tem of 21–23 January 1987, which traveled from the central Gulf of
Mexico to just south of Long Island in 24 h (Fig. 3-3b), averaging
27 m s�1, and the Blizzard of January 1966, which moved from
southern Alabama to New York City in 24 h (Fig. 3-3b), averaging
nearly 20 m s�1.

sample over the western Atlantic from east of the New
Jersey coast to south and east of southern New England,
and its most obvious effect was to prolong snowfall,
especially in New England. Following the development
of the New England snowstorm of February 1978, the
surface low initially moved northward from off the Car-
olinas to a position east of the Maryland coast at a pace
of approximately 13 m s�1 in the first 12 h after it
developed, slowed to a mean pace of 8.5 m s�1 over a
12-h period as it neared Long Island, and then moved
only at a pace of 4 m s�1 as it moved eastward south
of New England in the 12-h period when much of south-
ern New England received exceptionally heavy snow-
fall. In several storms (e.g., the blizzard of February
1958, the storm of March 1960, both February storms
in 1969, January 1996, and that of 31 March–1 April
1997), the surface lows decelerated or stalled off the
New Jersey or New England coasts, resulting in exces-
sive snowfall amounts. In these slow-moving cyclones
(the storms of February 1958, March 1958, February
1978, and March–April 1997), the surface low may even
loop around itself. Many of these slower-moving storms
occurred during late winter or early spring.

Although the number of heavy snow events dimin-
ishes as spring approaches, there may be a tendency for
these storms to move more slowly and persist for a
longer period as the global circulation patterns change.
During winter, the midlatitude circulation is dominated
by relatively fast-moving upper-level traveling short-
wave troughs. As spring approaches, there is a transition
to slower, higher-amplitude upper troughs and ridges
that are more likely to cut off and form blocking pat-
terns. Upper-level patterns are examined in chapter 4.

The most notorious example of a stalled cyclone that
displays the temperatures of midwinter but the slower
movement of a spring storm (which is often character-
ized by the establishment of large blocks) is the March
1888 ‘‘Blizzard of ’88’’ (see volume II, chapter 9). This
storm initially raced northeastward from the Carolina
coast to southern New England, then remained nearly
stationary close to the southern New England coast for
2 days, performing a slow counterclockwise loop south
of Rhode Island. A protracted period of very heavy
snow, strong winds, and extremely cold temperatures
resulted. The deceleration occurs as a manifestation of
the latter stages of cyclogenesis in which the surface
low pressure center slows considerably as the upper-
level low appears to cut off directly over the surface
low before the entire system continues its eastward or
northeastward track over the ocean. This factor had
posed a considerable challenge to forecasters concerned
with predicting an end to the snowfall and the final
accumulation. Improved model forecasts appear to have
reduced such forecast errors over the past 20 yr (see,
e.g., Sanders 1987, 1992; Sanders and Auciello 1989;
Grumm et al. 1992; Grumm 1993; Uccellini et al. 1995,
1999).



58 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

c. Cyclone intensification

It is a common perception that many Northeast snow-
storms are associated with rapidly deepening cyclones.
These storms are often marked by a distinct period dur-
ing which the central pressure of the surface low de-
creases by 2–3 hPa h�1 with associated increases in the
pressure gradients, surface winds, and precipitation
rates. Moderate to heavy precipitation and snowfall are
commonly observed along the Northeast coast during
rapid surface intensification, resulting from the en-
hanced moisture and thermal advections that accompany
explosive deepening. During the February 1979 Presi-
dents’ Day Storm, snowfall rates increased to
5–10 cm h�1 from Washington to New York City early
on the morning of 19 February, coinciding with the
onset of rapid surface deepening (Bosart 1981; Uccellini
et al. 1984).

To examine deepening rates, the central sea level pres-
sures of each storm were plotted at 3-h intervals for a
60-h period that includes storm initiation, development,
and decay (Fig. 3-7). The period of deepening, marked
by a decrease in central pressure of at least �1 hPa (per
3 h), generally occurred over a 24–48-h period for all
but 3 of the 30 cases. The average deepening period
was nearly 36 h with a mean decrease in central sea
level pressure of 30 hPa. These values are consistent
with Sanders’s (1986a) observations of the duration and
amount of deepening in a large sample of rapidly in-
tensifying cyclones over the west-central North Atlantic
Ocean and are also similar to 24-h pressure falls for a
large sample of explosively deepening North Pacific cy-
clones (Gyakum et al. 1989). The maximum amount of
deepening was 52 hPa (during the storms of 2–4 March
1960 and 18–21 January 1961), while five other cases
deepened 40 hPa or greater.

Only four cases deepened 15 hPa or less during the
60-h period. Of the storms that deepened only margin-
ally, the minimum amount of deepening of just 5 hPa
was exhibited during the 11 February 1994 snow event.
During the 19–20 January 1978 storm, sea level pres-
sures decreased only 12 hPa, as central sea level pres-
sures alternately rose and fell as the cyclone moved
northeastward along the Atlantic coast. Most of the cas-
es here contained a clearly defined and continuous pe-
riod of intensification. Only a few storms (e.g., the
storms of January 1964, December 1969, and January
1978; see Fig. 3-7) displayed multiple periods of deep-
ening, separated by significant intervals of little or no
change in central sea level pressure.

While most cyclones underwent a 36-h period of gen-
eral deepening, periods of more rapid intensification oc-
curred for 26 of the 30 cases. Rapid intensification is
defined here as deepening rates exceeding �1 hPa h�1

over 12 h or greater (or �12 hPa per 12 h). Of these
storms, 18 cases (with rapid deepening rates represented
by the thicker pressure contours drawn in Fig. 3-7) ex-
hibited periods of at least 6 h in which the cyclone’s

central pressure fell more than 10 hPa, the criterion used
to select explosive cyclogenesis during the Experiment
on Rapidly Intensifying Cyclones over the Atlantic (ER-
ICA; Hadlock and Kreitzberg 1988). This rate of rapid
intensification has been observed in individual events
for periods of up to 27 h. Significant deepening rates
were observed primarily along the coasts of the Caro-
linas, the middle Atlantic states, and east-northeastward
over the Atlantic Ocean. The tracks of these storms are
situated closer to the coastline than the locus of rapidly
developing cyclone tracks described by Sanders [1986a;
cf. his Fig. 2)] for a 4-yr sample of rapidly deepening
cyclones over the western Atlantic Ocean. Conversely,
the storms of March 1956, January 1978, February
1983, and February 1994 are the only ones that did not
undergo at least a 12-h period in which sea level pres-
sures fell 12 hPa or greater. Therefore, while rapid sea
level development is a common characteristic of many
of these storms, it is not a necessary condition for wide-
spread heavy snowfall in the coastal sections of the
Northeast.7

Among the 16 storms that exhibited either a center
jump or no redevelopment, deepening rates exceeding
�3 hPa (per 3 h) occurred in all cases, for periods of
up to 27 h. Of the 13 events marked by secondary re-
development, rapid deepening of the primary low pres-
sure center was observed in only three cases and lasted
no longer than 6 h. Meanwhile, 11 of the 13 cases ex-
hibiting secondary low pressure development under-
went a 12–24-h period of rapid deepening immediately
along the coast. The only exceptions are the 18–20
March 1956 and February 1994 systems, in which rapid
intensification was not observed with the development
of the secondary low pressure center. As a rule, rapid
deepening commenced with the formation of the sec-
ondary cyclone center. The primary low center either
filled (its central pressure rose) or was absorbed within
the expanding circulation of the secondary low within
a period of 12–24 h following the commencement of
secondary cyclogenesis. The sudden onset of a second-
ary cyclone and its subsequent, nearly immediate rapid
deepening posed major problems for forecasters during
most of the 20th century. It has only been during the
final 10–15 yr of the 20th century that numerical sim-
ulations have been successful in predicting this type of
behavior (Sanders 1987; Junker et al. 1989; Sanders and
Auciello 1989; Mullen and Smith 1990; Sanders 1992;
Grumm et al. 1992; Smith and Mullen 1993; Oravec
and Grumm 1993; Grumm 1993; Uccellini et al. 1995,
1999) and contributed to the successful forecasts of
these storms, as discussed in chapter 8.

7 The February 2003 Presidents’ Day Storm II is a dramatic case
in point. Record snowfall fell in the Northeast while the central pres-
sure of the surface low dropped only a few hectopascals.



C H A P T E R 3 59S N O W S T O R M S : S N O W F A L L A N D S U R F A C E F E A T U R E S

d. Winds and pressure gradients

The impact of snowstorms within the Northeast urban
corridor is also enhanced when the heaviest snow is
accompanied by strong northeasterly winds, causing
considerable blowing and drifting. Some Northeast
snowstorms are particularly crippling because the heavi-
est snows and highest winds often occur at the same
time. This is due to the effects of the strong temperature
contrasts between the Atlantic Ocean and inland regions,
the associated enhanced baroclinic processes, and re-
duced frictional effects, which impact the wind fields
along the Northeast coast to a significant degree, par-
ticularly in advance of these cyclones.

Mean wind speeds were computed for all 30 cases
(Fig. 3-8) in which 6 in. (15 cm) of snow or greater fell
at any of the five major city airports (Boston, Logan;
New York, La Guardia; Philadelphia, International; Bal-
timore, Baltimore–Washington International (BWI); and
Washington, Reagan National). Wind speeds were av-
eraged over the period from the hour in which snow
began to the hour in which it ended. While it is rec-
ognized that these sites may or may not be representative
of their particular urban region and are undoubtedly
influenced greatly by their specific geography and in-
strumentation, these measurements provide at least a
relative measure from one case to the next.

In general, Boston shows the highest average wind
speeds of any of the five sites, due to the greater intensity
of storms as they approach eastern New England and
the location of Boston’s Logan International Airport
near the ocean, where wind speeds tend to be higher.
Philadelphia, Baltimore, and Washington are located
farther from the coastline than either New York or Bos-
ton, and, therefore, wind speeds tend to be less during
these events. In Boston, mean wind speeds averaged 28
mi h�1 (13 m s�1) for the entire set of storms.8 The
highest mean wind speed occurred during the storm of
February 1978, which averaged 35 mi h�1 (16 m s�1)
with peak gusts reaching 79 mi h�1 (36 m s�1). At New
York’s La Guardia Airport, the mean wind speed was
24.5 mi h�1 (11 m s�1) and the highest mean wind speed
was 36 mi h�1 (16 m s�1) during the February 1961
snowstorm, the highest mean speed of any storm in the
sample. During this event, wind gusts peaked at 83
mi h�1 (37 m s�1). At Philadelphia, the mean wind speed
was 19.5 mi h�1 (8.8 m s�1) with the largest mean wind
speed of 25 mi h�1 (11 m s�1) occurring with the storm
of January 1964. In Baltimore and Washington, the
mean wind speeds were 15.5 (7) and 15.2 mi h�1 (7
m s�1), respectively9.

8 The windiest events for Boston were in March 1956, March 1958,
February 1961, February 1978, and February 1983, when average
wind speeds during the snowfall exceeded 30 mi h�1 (15 m s�1).

9 The largest mean speeds occurred with the storms of March 1993
[19.5 mi h�1 (8.8 m s�1)] and January 1996 [20.7 mi h�1 (9.3 m
s�1)]. Peak gusts were measured in the 40–50 mi h�1 range (17–22
m s�1).

Rapidly falling pressures at the centers of these
storms, combined with the decreasing distance between
the propagating and developing cyclones and the per-
sistent nearby anticyclones (whose high pressures are
slow to erode over colder land surfaces), result in in-
creased pressure gradients, especially north and east of
the developing low pressure centers. During a 24-h pe-
riod in which many of the cyclones underwent signif-
icant deepening (panels 3-5 of the surface analyses
shown in chapter 10, volume II), the maximum gradients
surrounding the low pressure centers increased by a fac-
tor of 2–10, with the gradients nearly tripling on av-
erage.10 However, even in these cases with relatively
weak gradients, gale force winds still occurred, espe-
cially along the coast of New England.

Several examples of cyclones that developed large
sea level pressure gradients are shown in Fig. 3-9. The
majority of storms developed the largest gradients in
their direction of motion, northeast of the low pressure
center, where strong northeasterly winds were usually
observed. As these storms propagated northeastward
along the coast and intensified, winds increased to gale
force, or in some instances storm to hurricane force,
along the immediate coastline.11 Some of the more no-
torious storms also include the March 1993 Superstorm,
whose vast circulation and dramatic low pressures
brought gale to storm force winds along the entire length
of the Atlantic coast. Another powerful example is the
February 1978 snowstorm, which produced hurricane
force wind gusts with heavy snow to widespread areas
of southern and eastern New England and Long Island,
New York. Both storms were responsible for crippling
windblown heavy snowfall and severe coastal erosion.
Although wind speed and direction are influenced by
friction, isallobaric effects, and the flow of air relative
to a moving storm system (i.e., Naistat and Young
1973), the large increases in pressure gradient associated
with rapid deepening reliably indicate the high wind
speeds that often accompany heavy snowfall. The large
increases in maximum sea level pressure gradients are
consistent with the tendency of these systems to deepen
rapidly.

3. Anticyclones

In this section, the surface anticyclones that provide
and maintain cold temperatures for the heavy snow
events are described, together with a discussion of
‘‘cold-air damming’’ and coastal frontogenesis, two
commonly observed features associated with the de-
velopment of Northeast snowstorms.

10 The weakest surface pressure gradients were associated with the
cases of 22–28 February 1969, 19–21 January 1978, and 18–20
March 1956, which were also the cases in which sustained periods
of rapid intensification did not occur.

11 The February 1961 snowstorm and the New England snowstorm
of February 1978 are probably two of the best examples of heavy
snowfall accompanied by storm force northeasterly winds.
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FIG. 3-7. Time series of central sea level pressures for all 30 cyclones during a 60-h period
shown in the surface analyses in volume II, chapter 10. For cases of secondary cyclogenesis,
the central pressures of the primary low are represented by dashed lines and those of the
secondary low by solid lines. Thick solid lines represent periods during which the central sea
level pressure fell by 10 hPa or more over 6 h.
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FIG. 3-7. (Continued )
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FIG. 3-8. Mean wind speeds (mi h�1) at Boston, New York, Philadelphia, Baltimore, and
Washington during snowstorms (mean speeds �20 mi h�1, blue; mean speed � 20 mi h�1,
red). Mean winds were computed from hourly wind speed measurements beginning with
the hour after the snow began and ending with the last hour in which snow was reported.
Peak gusts (mi h�1, top of bars) are also included. Computations were generated only for
cases in which 6 in. (15 cm) or greater of snow fell.
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FIG. 3-9. Examples of cyclones with extreme pressure gradients utilizing surface analyses derived from volume II, chapter 10
figures.
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Major snowstorms along the Northeast coast occur
with a wide range of temperatures, as shown in Fig. 3-
10. As with the summaries describing storm-by-storm
wind speed (Fig. 3-8), the range of temperatures and
mean temperatures were computed for all 30 cases in
which 6 in. (15 cm) of snow or greater fell at any of
the five major city airports: Boston’s Logan, New York’s
La Guardia, Philadelphia’s International, Baltimore’s
BWI, and Washington’s Reagan National. (Tempera-
tures were averaged over the period from the hour in
which snow began to the hour in which it ended.)

Some of the storms were accompanied by bitterly cold
temperatures. At low temperatures of about 20�F (�6�C)
or lower, snow tends to be powdery and drifts easily in
the strong winds that often accompany these storms,
creating dangerous traveling conditions. Historically,
the ‘‘cold storm’’ of 1857 and the blizzards of 1888 and
1899 all produced significant accumulations accompa-
nied by temperatures in the 0� to 10�F (�18� to �13�C)
range. These represent some of the coldest conditions
ever experienced in this region during a major snow-
fall.12 Other major storms (including the storms of
March 1960, January 1964, January 1966, February
1983, and January 1996) were accompanied by tem-
peratures primarily in the teens to near 20�F (�13� to
�7�C). The cities of Boston, New York, Philadelphia,
Baltimore, and Washington have seen five, six, seven,
six, and five storms, respectively, characterized by mean
temperatures of 20�F or less (Fig. 3-10).

Conversely, the warmest storms were characterized
by temperatures near or even slightly above freezing.
At temperatures near freezing, snow clings to many sur-
faces, presenting a hazard for wires, flat roof structures,
and shrubbery that are unable to withstand the load from
heavy snow accumulations (the warmest storms of the
sample occurred in March 1958, February 1987, and
the Superstorm of March 1993). In some of these cases,
snow changed to ice pellets, freezing rain, or rain during
the storm period. It is interesting to note that during the
storm of 22–23 February 1987, which occurred pri-
marily at night, temperatures in the Washington area
were near 50�F (10�C) the day prior to this nighttime
snowstorm and during the daylight hours immediately
following the major snowstorm. Most of the 10 in. (25
cm) of snow fell at night when the surface air temper-
ature at Reagan National Airport failed to fall as low
as the freezing level, remaining at 33�F (1�C) during
the event.

Whether these storms were ‘‘wet’’ slushy snowstorms
or fine, powdery blizzards, a source of cold air was
required in each case to maintain temperatures low
enough for the precipitation to fall as snow. In general,
the cold air is associated with surface anticyclones,

12 More recently, the storms of December 1960, January 1961,
February 1967, and the Presidents’ Day Storm of February 1979 were
accompanied by temperatures (�F) primarily in the single digits and
teens (�15� to �7�C) throughout the Northeast urban corridor.

which often originate over Canada. To identify common
characteristics of anticyclones, centers of high pressure
are plotted in Figs. 3-11a–e at 12-hourly intervals (this
figure corresponds to the cyclone analyses in Figs. 3-
3a–e and the surface analyses shown in chapter 10, vol-
ume II). The maximum central pressures of anticyclones
occur within a range between 1020 and 1055 hPa for
all cases. In many cases, well-defined high pressure cells
were noted, with central pressures of 1040 hPa or great-
er; these events include the storms of March 1960 (1045
hPa), February 1961 (1047 hPa), January 1964 (1046
hPa), January 1978 (1046 hPa), February 1978 (1055
hPa), and February 1979 (1050 hPa). In some instances,
the high pressure centers were ill defined with central
pressures of 1030 hPa or less, including the storms of
8–10 February 1969 (1024 hPa), 21–23 January 1987
(1027 hPa), February 1987 (1025 hPa), and February
1995 (1021 hPa).

There are several different configurations that surface
anticyclones take during these storms but a few basic
patterns emerge from the variety of anticyclone paths
prior to and during these intense snowstorms. In a num-
ber of instances, cold air was associated with anticy-
clone centers that typically followed paths from central
Canada, either 1) as a primary high pressure center
moved eastward across Ontario and Quebec, toward the
Maritime Provinces, New York, or New England; or 2)
as a secondary high pressure cell or ridge of high pres-
sure extended eastward toward eastern Canada, New
York, or New England from a primary high pressure
center over south-central Canada or the north-central
United States (Fig. 3-12).

Both sea level pressure anticyclone configurations
shown in Fig. 3-12 produce a north- northeasterly flow
of air along the coast that drives cold air southward
toward the developing cyclone. The orientation of the
anticyclone relative to the cyclone results in a low-level
airflow that passes primarily over land, or for only a
limited distance over the ocean before reaching the
coastal sections of the northeastern United States. As a
result, the cold air mass is not substantially modified by
sensible and latent heating from the nearby ocean, al-
lowing precipitation even in the coastal plain to fall as
snow. The anticyclones also play a role in cyclogenesis,
by maintaining or enhancing the low-level thermal fields
and thermal advection patterns along the coastline, fac-
tors that contribute to cyclone development and en-
hanced deepening rates. Despite the frequency of cold-
air outbreaks across the northeastern United States dur-
ing the winter season and the passage of cyclonic weath-
er systems toward the East Coast about every 3–5 days,
they only rarely combine to produce heavy snowfall
along the Northeast coast. The patterns of sea level pres-
sure, wind, and temperature described here indicate that
the position, orientation, and evolution of the anticy-
clone, relative to the coastline and the developing cy-
clone, are important factors for maintaining a cold low-



C H A P T E R 3 65S N O W S T O R M S : S N O W F A L L A N D S U R F A C E F E A T U R E S

FIG. 3-10. Mean temperatures and temperature range (�F) at Boston, New York, Philadelphia, Baltimore, and Washington during
snowstorms. Mean temperatures were computed from hourly temperatures beginning with the hour after the snow began and
ending with the last hour in which snow was reported. Computations were generated only for cases in which 6 in. (15 cm) or
greater of snow fell.
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FIG. 3-11. (a)–(e) Paths of surface high pressure centers for all cases. Symbols along path represent
12-hourly positions and numerical values are the sea level central pressure (hPa) of the anticyclones.
Positions of 500-hPa low centers associated with eastern Canadian upper troughs are also included.
Starred symbols represent 12-hourly positions of the 500-hPa low center.
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FIG. 3-11. (Continued )

level airflow either toward or along the coast that en-
ables a significant snow pattern to develop throughout
the Northeast urban corridor.

Heavy snowfall is less likely when the storm center

passes nearby and especially to the north and west of
a given location, since the cyclone’s counterclockwise
circulation draws in warmer air from the south and east.
Heavy snow amounts also may not materialize when the
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FIG. 3-11. (Continued )

anticyclone north of the region continues drifting east-
ward, producing a broad low-level flow of air passing
over the ocean before reaching the coast. In these sit-
uations, precipitation often falls as rain along the im-
mediate coast, with heavy snow more likely 100–500

km inland. Conditions that yield a changeover from
snow to rain are explored in more detail in chapter 5.

In one category of anticyclone configurations typical
to major snowstorms (Fig. 3-12), an anticyclone remains
poised to the north-northwest of New England over the
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FIG. 3-11. (Continued )

provinces of Ontario and Quebec in Canada while the
cyclone develops farther south along the East Coast.
This scenario is represented by seven cases (March
1956, January 1961, February 1961, February 1967,

February 1979, February 1983 and February 1994),
whose composite paths are shown in Fig. 3-13. Two
examples, February 1967 and February 1983, are shown
at the bottom of Fig. 3-13. Four other cases also exhibit
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FIG. 3-11. (Continued )

cold-air sources in which cold air is provided by a sol-
itary, primary anticyclone. These four cases (the storms
of March 1956, January 1961, February 1961, February
1967, February 1979, February 1983, and February
1994) were associated with anticyclones that moved far-

ther eastward than the previous examples and most were
associated with a changeover from heavy snow to rain
along the middle Atlantic and New England coasts (see
chapter 5) and the paths of these anticyclones are shown
in Fig. 3-13 in red.
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FIG. 3-12. Schematic of two characteristic scenarios of anticyclone–cyclone couplets during major Northeast
snowstorms. Schematic includes representative streamlines (dotted arrows) and sea level isobars (solid). Left- and
right-hand columns depict surface analyses at 12-hourly intervals. Top panels show a well-defined anticyclone
over Ontario and Quebec and bottom panel shows a high pressure cell over the plains states ridging eastward to
the northeastern United States.
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FIG. 3-13. Composite paths of all anticyclones with only one primary center over Ontario and Quebec. The cases of Feb 1967 and Feb
1983 are shown as examples.
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In the second category of typical anticyclone config-
urations, a primary anticyclone remains nearly station-
ary; drifts southeastward across south-central Canada,
particularly across the provinces of Saskatchewan and
Manitoba; or passes southward over the north-central
United States. While the primary anticyclone passes
well to the west of the Northeast urban corridor, it is
associated with either a surface ridge axis or a secondary
high pressure center farther east over Quebec, Ontario,
or the northeast United States (Fig. 3-12); examples of
this pattern are demonstrated by the 11 cases of Feb-
ruary 1958, March 1960, December 1960, January
1964, January 1966, December 1966, February 1978,
April 1982, 25–27 January 1987, 6–8 January 1996,
and 30–31 December 2000. The composite paths of
these anticyclones are shown in Fig. 3-14. In two ad-
ditional cases, the anticyclone initially is found over
south-central Canada and drifts southeastward as a new
anticyclone develops to the north and follows a path
toward eastern Canada. This subcategory includes the
storms of January 1978 and the Superstorm of March
1993 (paths are shown in red in Fig. 3-14), which also
drifted east of Nova Scotia (these cases are similar to
the storms of December 1969, February 1972, 21–22
January 1987, and February 1995), and was also as-
sociated with a changeover from snow to rain along the
middle Atlantic and New England coasts.

An additional subcategory of anticyclones comprises
those that appeared to have little impact on the Northeast
snowstorms in that they were located too far north to
have a significant influence (the three cases of March
1958, late February 1969, and 31 March–1 April 1997).
The two cases of early February 1969 and February
1987 are enigmas in that heavy snow fell with little or
no rain despite the retreat of the surface high offshore,
a position typically unfavorable for heavy snow. Finally,
the snowstorm of 24–25 January 2000 was indirectly
associated with two separate anticyclones, one building
eastward from the plains states, and one retreating north-
eastward across eastern Canada. This case does not fit
neatly into any category.

a. Cold-air damming and coastal frontogenesis

Cold-air damming and coastal frontogenesis are
linked to the underlying topography of the eastern Unit-
ed States and appear to have an important influence on
major snow events along the northeast coast. Cold air
at low levels of the atmosphere frequently becomes
trapped or ‘‘dammed’’ between the Appalachian Moun-
tains and the Atlantic coast when a cold surface anti-
cyclone passes to the north of the middle Atlantic states
and southern New England (see Baker 1970; Bosart et
al. 1972; Richwien 1980; Ballentine 1980; Forbes et al.
1987; Stauffer and Warner 1987; Bell and Bosart 1988,
1989; Nielsen 1989; LaPenta and Seaman 1990, 1992;
Nielsen and Neilley 1990; Riordan 1990; Doyle and
Warner 1993a,b). The forecasting of damming events

by operational large-scale numerical models (Richwien
1980; Forbes et al. 1987) was problematic through the
1980s. With damming misrepresented in earlier opera-
tional and research numerical models, lower-tropospher-
ic thermal fields would be poorly resolved, resulting in
temperature forecasts that were too high and contrib-
uting to the difficulty in delineating frozen versus liquid
precipitation along the coastal plain. Research efforts in
the 1980s and 1990s paved the way for improvements
in numerical model forecasts of cold-air damming, as
well as coastal frontogenesis, principally related to im-
provements in the vertical and horizontal resolution of
the atmosphere’s planetary boundary layer and an im-
proved representation of topography (e.g., Doyle and
Warner 1993a,b).

Damming is characterized by a narrow, shallow
wedge of cold air that persists east of the Appalachians
in association with significantly ageostrophic flow near
the earth’s surface. Damming develops as cold air sup-
plied by the anticyclone to the north is channeled south-
ward along the eastern slopes of the Appalachians. The
cold-air wedge is then maintained by a combination of
frictional and isallobaric effects, evaporation, adiabatic
ascent, and orographic channeling (Forbes et al. 1987;
Bell and Bosart 1988). Damming is represented in the
sea level pressure field by an inverted high pressure
ridge between the mountains and the coast, which may
extend as far south as Florida. The distinctive appear-
ance of cold-air damming on the surface weather charts
is especially evident in the examples shown in Figs. 3-
13 and 3-14.

As a cold anticyclone passes across the northeast
United States during winter, the eastern flank of the air
mass moves over the Atlantic Ocean. A portion of the
airstream connected with the anticyclone often flows
from an easterly to northeasterly direction over the west-
ern Atlantic, while low-level winds over the coastal
plain retain a more northerly component, as a result of
cold-air damming. The deformation and convergence of
these airstreams result in a zone of enhanced low-level
baroclinicity near the coastline, since the air mass over
the land remains cold, while air over the ocean is mod-
ified by sensible and latent heat fluxes within the ocean-
influenced planetary boundary layer. These develop-
ments describe the process of ‘‘coastal frontogenesis’’
(Bosart et al. 1972).

In general, the coastal fronts that form during dam-
ming episodes are easily identified by an inverted sea
level pressure trough near the coast, or just offshore,
and are marked by a distinct temperature contrast and
by changes in wind direction. These characteristics of
coastal frontogenesis were observed in 25 of 30 cases;
the five cases not exhibiting coastal frontogenesis are
March 1956, January 1961, December 1966, February
1978, and March–April 1997. Sometimes the airflow in
the cold wedge can be highly ageostrophic with north
to northwesterly winds in the wedge. To the east of the
coastal front, temperatures could be 20�F (11�C) higher
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FIG. 3-14. Composite paths of all anticyclones with a primary path over the Canadian plains and northern U.S. plains states, either with
a secondary high or surface ridge over Quebec and Ontario, New England, or the Northeast. The cases of Jan 1964 and Jan 1996 are shown
as examples.
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FIG. 3-15. Evolution of cold-air damming and coastal frontogenesis during the snowstorm of 6–7 Jan 1996, including isobars (hPa,
solid), isotherms (�F, dashed), fronts, and selected observations with temperatures (�F) and wind barbs.

and winds will often blow from an east to southeasterly
direction. Coastal frontogenesis can play an important
role in the development of Northeast snowstorms since
it provides a site where low-level convergence, baro-
clinicity, warm-air advections, and surface vorticity are
maximized (Bosart 1975). Thus, the coastal front be-
comes a channel along which the surface cyclone rap-
idly develops and propagates. As noted by Keshishian
and Bosart (1987), some cyclones remain weak and
move along the coastal front, possibly as a series of low
pressure systems, termed ‘‘zipper lows.’’ Furthermore,
the convergence associated with coastal frontogenesis

is probably responsible for enhancing the precipitation
rate along the cold side of the frontal boundary, where
the heaviest snowfall is often observed (Bosart et al.
1972; Bosart 1975; Marks and Austin 1979; Bosart
1981).

The January Blizzard of 1996 is used as an example
of cold-air damming and coastal frontogenesis associ-
ated with major snowstorms (Fig. 3-15). An anticyclone
center to the north of the Northeast urban corridor ex-
tends its broad circulation over the East Coast and ad-
jacent Atlantic Ocean. As cold air within the eastern
flank of the surface high is modified over the ocean, a



76 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S



C H A P T E R 3 77S N O W S T O R M S : S N O W F A L L A N D S U R F A C E F E A T U R E S

←

FIG. 3-16. Example of a cold-air damming event and coastal frontogenesis prior to the February 1979 Presidents’ Day snowstorm at (a)
1200 UTC 17 Feb, (b) 0000 UTC 18 Feb, (c) 1200 UTC 18 Feb, and (d) 0000 UTC 19 Feb 1979. Top panels show surface fronts, sea level
isobars (solid, hPa), and surface isotherms (dashed, �C), and shading represents location of the Appalachian Mountains. Thick dotted line
represents axis of cross sections shown at the bottom; A, B, and C represent Augusta, GA; Chaleston, SC; and NOAA buoy 41004, stations
close to the axis of the cross section. Temperature and wind barbs are included. Bottom panels show cross sections of potential temperature
(solid, �C; colored regions represent coldest potential temperatures).

coastal trough develops, followed by coastal frontogen-
esis. The frontogenesis provides a favorable corridor
within which cyclogenesis will occur and eventually
track. When cold air is dammed against the Appala-
chians, low-level warm-air advection is suppressed over
the coastal plain, thereby maintaining the thermal gra-
dients and warm-air advection pattern along the coast-
line or farther offshore. As a result, when a cyclone and
its associated upper-level forcing approach the Appa-
lachians from the west, the low-level warm-air advec-
tion pattern often shifts to the east of the cold-air wedge
and is focused along the coastline. This enhancement
of the coastal baroclinic zone facilitates the formation
of a secondary cyclone along the East Coast as the initial
cyclone weakens in the Ohio Valley (see, e.g., Uccellini
et al. 1987). Although quantifying the impact of dam-
ming is difficult and its presence is no guarantee that
precipitation will fall as either snow, ice pellets, rain,
or freezing rain, the inverted sea level pressure ridge
and cold-air wedge were observed, to some degree, in
all cases (possible exceptions include the storms of Jan-
uary 1961, 31 March–1 April 1997, and 24–26 January
2000).

A series of sea level pressure and surface temperature
analyses and selected vertical cross sections were drawn
for the 36-h period preceding the development of the
February 1979 Presidents’ Day Storm, to further illus-
trate the evolution of damming and coastal frontogenesis
along the East Coast prior to a major snowstorm (Fig.
3-16). Between 1200 UTC 17 February and 0000 UTC
19 February 1979, a large anticyclone accompanied by
record- or near-record-setting minimum surface tem-
peratures drifted slowly eastward from the upper Great
Lakes to New York. During this period, significant
changes in the orientation of the sea level pressure field
and surface isotherms indicated damming conditions.
By 1200 UTC 18 February 1979, anticyclonically
curved isobars and isotherms reflect the highest pres-
sures and lowest temperatures located between the Ap-
palachians and the coast. The coldest temperatures were
nearly collocated with the ridge axis, as discussed by
Baker (1970) and Richwien (1980). Meanwhile, the
thermal gradient along the Southeast coast intensified,
as temperatures decreased over the land and increased
offshore, indicating the development of a coastal front.

Cold-air damming and coastal frontogenesis are also
depicted by the vertical cross sections of potential tem-
perature in Fig. 3-16. After 1200 UTC 17 February,
decreasing potential temperatures near the earth’s sur-
face created the characteristic ‘‘cold dome’’ (i.e., see
Fig. 14 in Bell and Bosart 1988), as the shallow, cold-
air mass wedged between the mountains and coastline.
The increasing horizontal potential temperature gradient
along the coast identifies the coastal frontogenesis. A
detailed description of the coastal frontogenesis asso-
ciated with the Presidents’ Day Storm can be found in
Bosart (1981). A numerical-based diagnostic study of
the evolution of the temperature and wind fields asso-
ciated with the coastal front and the initial cyclogenesis
can be found in Uccellini et al. (1987). The relationships
between coastal frontogenesis and the development of
mesoscale bands of heavy snow have been described by
Marks and Austin (1979) and observed with a heavy
snowband over Long Island, New York, in December
1988 (Roebber et al. 1994; Maglaras et al. 1995) and
will be discussed in more detail in chapter 6.

To summarize, a majority of the 30 cases exhibit two
primary patterns observed in the evolution of anticy-
clones over Canada that appear to allow cold air to
remain within the Northeast urban corridor, enhancing
the likelihood of snow versus rain. The interactions of
the anticyclones, a source of cold air, with the devel-
oping cyclone play an important role in the subsequent
evolution of the cyclone and associated snowstorm, es-
pecially with regard to the development of a strong bar-
oclinic zone oriented near the coastline. Cold-air dam-
ming east of the Appalachian Mountains and coastal
frontogenesis along or near the East Coast are two pro-
cesses linked to the cold anticyclones and have a sig-
nificant bearing on the development of Northeast snow-
storms. These features provide an enhanced low-level
baroclinic zone that shifts the cyclone path toward a
track close to the Atlantic coast, or offshore.

In the next chapter, upper-level features such as
trough–ridge configurations, confluence, and jet streaks
will be linked to the evolution of the surface cyclones,
anticyclones, and their roles in establishing conditions
conducive for heavy snowfall in the Northeast.
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Chapter 4

SYNOPTIC DESCRIPTIONS OF MAJOR SNOWSTORMS:
UPPER-LEVEL FEATURES

In this chapter, a description of upper-level meteo-
rological fields for 30 cases provides an overview of
the geopotential height, wind, and temperature char-
acteristics that support the development of Northeast
snowstorms. Descriptions of 850-, 700-, 500-, 400-, and
250-hPa charts1 focus on trough–ridge systems, thermal
advections, and the horizontal and vertical orientation
of jet streaks, which act to support the surface cyclone–
anticyclone patterns discussed in chapter 3 that play
such a critical role in the development of the snowstorms
in the Northeast urban corridor. The chapter ends with
a description of cloud features evident in satellite im-
ages.

1. Descriptions of upper-level features

The study of upper-level conditions required for sur-
face cyclogenesis dominated meteorological research
from the 1930s through the 1950s, concurrent with the
introduction of techniques to monitor and measure at-
mospheric winds, temperature, and moisture above the
earth’s surface. These measurements, combined with con-
cepts promoted by Sutcliffe (1939, 1947), Bjerknes and
Holmboe (1944), Charney (1947), Sutcliffe and Forsdyke
(1950), Bjerknes (1951), Palmén (1951), Petterssen
(1955, 1956), and others, permitted weather forecasters
to identify upper-atmospheric features and patterns that
contribute to the development of surface cyclones. A
detailed discussion is provided in chapter 7.

An outgrowth of these efforts was the recognition that
a baroclinic environment marked by 1) upper-level
troughs, 2) large thermal gradients in the middle and
lower troposphere, 3) high wind speeds associated with
the jet stream and embedded jet streaks, and 4) asso-
ciated vertical and horizontal wind shears is essential

1 Upper-level analyses were derived from National Centers for En-
vironmental Prediction (NCEP) analyses available on microfilm from
the National Climatic Data Center (NCDC) in Asheville, North Car-
olina, and from datasets derived from the NCEP–National Center for
Atmospheric Research (NCAR) reanalysis project (Kalnay et al.
1996). General Meteorological Package (GEMPAK; des Jardins et
al. 1995) datasets were generated at the National Weather Service’s
(NWS) COMET program in Boulder, Colorado, and displayed on
National Centers Advanced Weather Interactive Processing System
(N-AWIPS) software developed at NCEP.

for the initiation and intensification of cyclones. Since
all of the 30 snowstorms in this chapter were associated
with significant cyclonic development, the following
discussion on upper-level features will focus on char-
acteristics of the upper-level troughs, ridges, and related
vorticity and wind fields.

The 500-hPa geopotential height and vorticity fields
and summaries of the 250- and 400-hPa wind fields are
presented to describe the trough–ridge systems and jet
streaks associated with the ensemble of 30 storms. The
complex structure of the geopotential height and wind
fields defies a simple description as noted by Palmén
and Newton (1969, p. 273) in their review of numerous
cyclone studies. Nevertheless, several generalizations
will be offered for the 30 cases. The upper-level con-
ditions that promote the characteristics of anticyclones
that favor major snow events will also be explored in
this chapter. Finally, a description of the 850-hPa tem-
perature, wind, and moisture fields will illustrate the
characteristics of lower-tropospheric thermal and mois-
ture advections during cyclogenesis.

2. The large-scale upper-level environment prior
to the development of Northeast snowstorms

Forecasters have long recognized that certain syn-
optic-scale patterns appear to favor the development of
major snow events. These distinct upper-flow configu-
rations provide a dynamical basis for examining the
storms’ physical mechanisms. In this section, upper-
level signatures for 30 cases are examined at approxi-
mately 3, 2, and 1 days prior to heavy snow development
along the Northeast coast. While there are many com-
plex configurations that defy simple categorization,
some generalizations can be made.

a. 72 h prior to heavy snow development

At 72 h prior to heavy snow development (Fig. 4-1),
a number of major circulation features exist that provide
an initial suggestion of conditions favorable for heavy
snow. There appear to be at least two separate streams
of air at upper levels that eventually produce conditions
that result in heavy snowfall in the Northeast urban
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FIG. 4-1a. Mar 1956–Jan 1961. Analyses of 500-hPa heights, and high and low height centers, where yellow and orange shading represents
absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments); and isotachs of maximum wind speeds observed at 400 hPa
(alternating shading represents 5 m s�1 increments of wind speed starting with 40 m s�1) 72 h prior to the development of heavy snow
(times coincide with the analyses in Fig. 4-5).
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FIG. 4-1b. (Continued ) As in Fig. 4-1a, but for Feb 1961–6 Feb 1969.

corridor. One stream of air is associated with cyclonic
disturbances that are often responsible for the subse-
quent cyclonic development. The other stream of air
may also be associated with a separate disturbance but

is more likely associated with features that allow cold
air to penetrate and remain in the Northeast.

At 72 h, the upper disturbances that ultimately be-
come associated with cyclonic development along the
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FIG. 4-1c. (Continued ) As in Fig. 4-1a, but for 21 Feb 1969–Feb 1979.

East Coast may be divided into two major groups. The
first group is accompanied by a very strong westerly jet
along and to the west of the California coast that is
suppressed farther south than is typical during the winter

season. This strong zonal flow later breaks down with
the amplification of a short-wave trough over the eastern
United States. A short-wave trough embedded within
this flow is represented by several cases (for 0000 UTC
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FIG. 4-1d. (Continued ) As in Fig. 4-1a, but for Apr 1982–Mar 1993.

13 February 1958, 1200 UTC 17 March 1958, 1200
UTC 6 February 1969, and 1200 UTC 8 February 1983)
illustrated in Fig. 4-1. Conditions during a strong ENSO
(Halpert and Bell 1997) are often favored in this sce-

nario and these four examples occurred during strong
positive phases of the ENSO (see Fig. 2-19).

The second category of flow patterns conducive to
subsequent East Coast cyclogenesis is an amplifying
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FIG. 4-1e. (Continued ) As in Fig. 4-1a, but for Feb 1994–Dec 2000.
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upper ridge typically near the Pacific coast and a sub-
sequent deepening trough on the eastern flank of the
upper ridge. In some of these cases, the short-wave
trough or impulse that later spawns the cyclone may
initially move within the mean upper-ridge position and
as the impulse translates to the east-southeast, the upper
ridge amplifies significantly. This scenario (for 0000
UTC 10 January 1964, 1200 UTC 19 January 1987, and
0000 UTC 5 January 1996) is also illustrated in Fig. 4-
1. At 72 h, this amplifying ridge is often observed over
the eastern Pacific Ocean in about half the cases. In
some cases, the amplifying trough is composed of one
primary impulse or short-wave trough while others are
composed of a complex evolution of multiple impulses
that merge or amplify (see section 3a of this chapter).

The other significant feature that precedes the devel-
opment of these storms at 72 h is the existence of a
trough or closed low aloft in eastern Canada that appears
to support strong Canadian anticyclones that supply cold
air to the northeast United States (see section 3b of this
chapter). Many of the cases shown in Fig. 4-1 (0000
UTC 13 February 1958, 0000 UTC 9 December 1960,
and 0000 UTC 1 February 1961) illustrate eastern Ca-
nadian troughs with closed centers and closed upper
low–high couplets. While these features are not ob-
served with every case 72 h prior the snow event, the
other cases (March 1956, January 1961, February 1967,
and February 1983) involve similar features that are
progressing toward this trough configuration in eastern
Canada, but at times closer to the heavy snow event.

b. 48 h prior to heavy snow development

Some very distinctive patterns become established 48
h prior to the development of heavy snow that signify
the mechanisms that initiate cyclogenesis and provide
a source of cold air to the Northeast (Fig. 4-2). A com-
mon signal at 48 h prior to East Coast cyclogenesis is
a building upper ridge along the West Coast and an
amplifying trough downstream over the Rocky Moun-
tain or plains states. This regime is illustrated in Fig.
4-2 (for the cases at 0000 UTC 18 January 1961, 0000
UTC 2 February 1961, 0000 UTC 11 January 1964).
In some cases (0300 UTC 17 March 1956, 1200 UTC
4 February 1978, and 1200 UTC 2 February 1995), a
pronounced northwesterly flow on the east side of this
ridge has yet to consolidate into a distinct trough 48 h
prior to the heavy snowstorms. These features represent
early stages of ‘‘downstream amplification’’ (Simmons
and Hoskins 1979) in which the development of an up-
per-level trough is preceded by the amplification of a
ridge immediately upstream.

Another important signal for subsequent cyclogenesis
is the presence of a strong short-wave disturbance in
the southwest United States. In some cases (0000 UTC
10 December 1960, 0000 UTC 28 January 1966, and
1200 UTC 20 February 1987), a nearly stationary upper
low over the southwestern United States begins to move

eastward and is associated later with East Coast cyclo-
genesis. In other cases (1200 UTC 18 March 1958, 1200
UTC 7 February 1969, and 1200 UTC 9 February 1983),
the observation of a nearly zonal jet stream over the
southern United States with an embedded upper-level
disturbance–trough reflects the trough observed off the
California coast 24 h earlier.

Upper-level features that allow cold air to flow into
the northeast United States are nearly always associated
with an upper trough in eastern Canada. This trough,
combined with a climatological ridge over the Atlantic
Ocean, produce a confluent jet entrance region, an im-
portant factor that enhances the cold advection in the
lowest layers (see chapter 7). The troughs in eastern
Canada present several different appearances 48 h prior
to heavy snow development along the East Coast. Most
eastern Canadian troughs at this time (0000 UTC 10
December 1960, 0000 UTC 28 January 1966, and 0000
UTC 24 January 1987) are very large closed circulation
systems; some cover large areas of northeastern Canada
(Fig. 4-2), but others (0000 UTC 14 February 1958,
1200 UTC 1 March 1960, 1200 UTC 21 February 1987,
and 0000 UTC 6 January 1996) are smaller but distinct
closed lows (Fig. 4-2). Some systems (0000 UTC 18
January 1961, 1200 UTC 5 February 1967, 1200 UTC
4 April 1982, and 1200 UTC 11 March 1993) are open
wave troughs that are amplifying and will later cut off
and decelerate (Fig. 4-2), locking in a confluent flow
pattern over southeastern Canada and the northeast Unit-
ed States.

c. 24 h prior to heavy snow development

By 24 h (Fig. 4-3), the major features are converging
toward a heavy snow situation for the Northeast. Many
of the upper-level troughs that will be responsible for
East Coast cyclogenesis are amplifying and well de-
fined, often located over the central United States, and
are associated with distinct jet streaks propagating to-
ward the East Coast. The distribution of upper vorticity
maxima used to track the upper-level troughs are more
consolidated than at 72 h, and several have begun to
merge together (see section 3a below).

An upper trough over eastern Canada is now very
pronounced in nearly every case, often defined by a
distinct low center at 500 hPa and characterized by a
confluent pattern of height contours and the related en-
trance region of a well-defined jet streak over the north-
east United States or southeastern Canada. This pattern
has a significant bearing on the evolution of surface
anticyclones and their associated cold air (section 3b).
The combination of two distinct trough–jet streak fea-
tures acts to focus a vertical motion pattern and related
heavy snowfall along the East Coast, a process that is
explored in more detail in section 3d of this chapter.

In about half of the cases (especially true at 0000
UTC 15 February 1958, 0000 UTC 12 January 1964,
1200 UTC 10 February 1983, and 0000 UTC 25 January
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FIG. 4-2a. Mar 1956–Jan 1961. Analyses of 500-hPa heights, and high and low height centers, where yellow and orange shading represents
absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments); and isotachs of maximum wind speeds observed at 400 hPa
(alternating shading represents 5 m s�1 increments of wind speed starting with 40 m s�1) 48 h prior to the development of heavy snow
(times coincide with the analyses in Fig. 4-5).
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FIG. 4-2b. (Continued ) As in Fig. 4-2a, but for Feb 1961–6 Feb 1969.
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FIG. 4-2c. (Continued ) As in Fig. 4-2a, but for 21 Feb 1969–Feb 1979.
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FIG. 4-2d. (Continued ) As in Fig. 4-2a, but for Apr 1982–Mar 1993.
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FIG. 4-2e. (Continued ) As in Fig. 4-2a, but for Feb 1994–Dec 2000.
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1987), a blocking or cutoff ridge is observed down-
stream of the eastern Canadian trough. These features
are also examined in more detail in section 3b. In sum-
mary, the 72-, 48-, and 24-h evolutions of upper-level
features that predominate the precyclogenetic environ-
ment can be identified and illustrated as follows (Fig.
4-4):

1) The upper-level flow over eastern Canada is often
dominated by a deep upper trough. The upper trough,
often with the presence of a closed 500-hPa vortex,
is typically located over Quebec, Newfoundland, or
Nova Scotia in virtually every case with many cases
serving as excellent examples. These upper troughs,
combined with a ridge typically found over the At-
lantic Ocean, establish a consistent pattern of con-
fluence aloft over the northeastern United States or
southeastern Canada. These patterns are evident in
most, but not all cases; examples in which these
features are less evident include 20–22 January
1987, 2–4 February 1995, and 31 March–1 April
1997.

2) An upper ridge over the western United States and
the Canadian west coast is another common syn-
optic-scale feature observed prior to northeast snow-
storms. This ridge typically extends from the west
coast of the United States northward into western
Canada. Only 3 of the 30 cases exhibit an upper
trough, rather than a ridge, over the western United
States or Canada. The amplification of the western
ridge has been shown to be one of a number of
possible dynamical ‘‘signals’’ related to the devel-
opment of explosively developing cyclones in the
western Atlantic Ocean (Lackmann et al. 1996).
Sometimes, the upper ridge may be part of a cir-
culation feature termed the split-flow regime by fore-
casters. The split flow refers to a jet stream pattern
with a high-amplitude ridge over western Canada
that is ‘‘split’’ from another active branch of the jet
stream across the western United States, often al-
lowing short-wave troughs to proceed eastward
across the United States, south of the upper Canadian
ridge. Sometimes, short-wave energy would be con-
tained in both branches that could later merge to
produce intense cyclogenesis (see section 3a). This
flow regime could be conducive to Northeast snow-
storms since two conditions prevail: 1) the upper
Canadian ridge favors the development of cold sur-
face anticyclones that track southeastward across
central Canada toward the northern United States and
2) short-wave troughs embedded within either jet
stream enhance the likelihood of cyclogenesis in the
eastern and southeastern United States that later pro-
duce heavy snows in the northeast urban corridor.

3) Prior to the development of heavy snowfall, many
cyclone-producing troughs are poorly defined only
1–2 days before the snow events and have not yet
consolidated into a significant short-wave trough in

the eastern United States. In half of the cases, the
upper-level conditions are evolving toward, but are
not yet conducive to, significant cyclogenesis 1–2
days prior to these major events. In the other half,
cyclogenesis is already associated with significant
upper-level short-wave troughs 1–2 days in advance
of the heavy snow event. In the first set of cases, the
upper trough(s) that later spawned the East Coast
cyclones amplified, merged, or exhibited both char-
acteristics during the following 36 h. In the second
set, upper-level troughs were well-defined 36 h prior
to the heavy snow events and are located primarily
over the central and southern United States. Many
of these troughs continue to amplify during the storm
event and some involve trough mergers.

4) The presence of upper-level jet streaks is a common
signature for all 30 snowstorms 24 h prior to the
event. A polar jet is often found equatorward of the
eastern Canadian trough with the axis of the jet lo-
cated over the northeastern United States 12–48 h
prior to the heavy snow event. The confluent en-
trance region of this polar jet is usually located over
the anticyclone that supplies the cold air needed for
significant snowfall. A significant subtropical jet
streak is also found over the southeastern United
States at this time in many of the cases. Jet streaks
associated with the cyclone-producing troughs often
display a more complex configuration during the ear-
ly stage of the storm’s evolution, but as the trough–
jet systems approach the East Coast 24 h prior to
heavy snowfall, the coastal cyclone appears to de-
velop in the diffluent exit region of this jet streak.
The roles of upper-level jet streaks in the develop-
ment of Northeast snowstorms are examined in sec-
tions 3c and 3d.

5) In some instances, major snowstorms occur as a part
of major changes to the larger-scale circulation pat-
tern but their relationships are uncertain (i.e., Colucci
1985; also see Wallace and Gutzler 1981; Dole and
Gordon 1983; Dole 1986, 1989). In particular, the
snowstorm of 5–7 February 1978 occurred as part
of a dramatic change in the circulation regime across
North America (cf. the evolution in Figs. 4-1–4-3
and the 500-hPa analyses in volume II, chapter
10.17) that saw a blocking pattern emerge with an
upper cutoff anticyclone over north-central Canada
and a cutoff low over the northeastern United States
and southeastern Canada. The blocking cyclone pro-
duced during this period remained a well-defined
entity over eastern Canada for nearly the remainder
of the month of February and suppressed the de-
velopment of cyclonic systems across the eastern
United States, resulting in a very dry period through-
out the remainder of February 1978 (Colucci 1985).
The January ‘‘Blizzard of ’66’’ also occurred in a
period of major upper-level circulation change (cf.
Figs. 4-1–4-3 and the 500-hPa analyses in volume
II, chapter 10.8).
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FIG. 4-3a. Mar 1956–Jan 1961. Analyses of 500-hPa heights, and high and low height centers, where yellow and orange shading represents
absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments); and isotachs of maximum wind speeds observed at 400 hPa
(alternating shading represents 5 m s�1 increments of wind speed starting with 40 m s�1) 24 h prior to the development of heavy snow
(times coincide with the analyses in Fig. 4-5).
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FIG. 4-3b. (Continued ) As in Fig. 4-3a, but for Feb 1961–8 Feb 1969.
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FIG. 4-3c. (Continued ) As in Fig. 4-3a, but for 23 Feb 1969–Feb 1979.
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FIG. 4-3d. (Continued ) As in Fig. 4-3a, but for Apr 1982–Mar 1993.
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FIG. 4-3e. (Continued ) As in Fig. 4-3a, but for Feb 1994–Dec 2000.
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FIG. 4-4. Summary of upper-level signatures 3, 2, and 1 days prior to Northeast snowstorms, including summary of 500-hPa vorticity
associated with Northeast snowstorms.

With the Presidents’ Day Storm of February 1979, a
major circulation change also occurred but not in the
same manner as during either February 1978 or January
1966. This storm occurred during a transition from a
persistent large-scale circulation pattern that brought ex-

tremely cold temperatures to the northeastern United
States to one that became more zonal as the storm exited
the East Coast, signaling the end of the cold regime.
The North Atlantic Oscillation had been decidedly neg-
ative in much of February but became positive around
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FIG. 4-5a. Mar 1956–Dec 1966. Analyses of 500-hPa heights, where yellow and orange shading represents absolute vorticity (greater than
16 � 10�5 s�1, at 4 � 10�5 s�1 increments), isotachs of maximum wind speeds observed at 400 hPa (alternating shading represents 5 m
s�1 increments of wind speed starting with 40 m s�1), and corresponding surface analyses during the development of heavy snow along the
Northeast coast for all 30 cases.
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FIG. 4-5b. As in Fig. 4-5a but for Feb 1967–Feb 1983.
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FIG. 4-5c. As in Fig. 4-5a, but for Jan 1987–Dec 2000.
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the time of the storm (see chapter 2). A major strato-
spheric warming also occurred during this period (Man-
ney et al. 1994) but it is not known how the circulation
changes associated with the warming are related to the
evolution of the cyclone or the pattern shift that occurred
during the period encompassing the cyclone. With the
pattern change, much of the snow from the Presidents’
Day Storm melted quickly. Historically, a similar cir-
culation change may have occurred following the pas-
sage of the February 1899 blizzard (see volume II, chap-
ter 9) when a similar period of extreme cold eased fol-
lowing the passage of the storm (Kocin et al. 1988).

3. Upper-level conditions during the development
of Northeast snowstorms

The analyses in Fig. 4-5 highlight how the upper-
level and corresponding surface features evolve at the
time of heavy snowfall. In all cases, the upper troughs
underwent major amplification during major East Coast
cyclogenesis. Some of the more significant upper-trough
amplifications are exhibited by the cases of March 1956,
January 1966, February 1972, February 1978, March
1993, and January 1996 (cf. with Figs. 4-1–4-3).

The eastern Canadian trough, the most common fea-
ture of the precyclogenetic period, continues to move
eastward or northeastward for all cases, but a confluent
pattern in the 500-hPa height contours and an associated
upper jet streak remain upwind of the trough in southeast
Canada. The jet streaks associated with the cyclone-
producing trough in the southeastern United States ap-
pear to become better defined with the exit region lo-
cated over the surface cyclone. The evolution of these
features; their relationships to the surface cyclones, an-
ticyclones, and the development of heavy snowfall; the
many variations of the patterns of the upper troughs and
their associated jet streaks; and their magnitudes, tilts,
and amplifications will all be examined in the following
sections.

a. 500-hPa troughs

The evolutions of the upper-level cyclone-producing
troughs associated with major Northeast snowstorms are
described in the following manner. An examination of
the 500-hPa surface shows that a majority of cases in-
volved the transformation and amplification of an open-
wave trough and a subsequent transformation into a
closed circulation at 500 hPa, a process depicted sche-
matically by Palmén and Newton (1969, p. 326). A total
of 18 cases appear to develop in this manner with the
scenario demonstrated by 4 snowstorms (March 1960,
early February 1969, April 1982, and March 1993; see
Fig. 4-6a). The 500-hPa trough evolves into a vortex as
the rapidly developing sea level cyclone circulation ap-
pears to grow upward while it intensifies. Following the
formation of the upper low, the sea level and upper-
level circulation centers become nearly vertically col-

located as the temperature gradients decrease, marking
the decaying stage of the cyclone’s evolution.

A second group of cases (February 1967, January
1978, February 1983, the two storms of January 1987,
February 1994, and February 2003) is identified in
which the upper-level short-wave trough remains an
open-wave system of relatively constant amplitude and
does not develop a closed circulation at 500 hPa, as
illustrated in Fig. 4-6b. In general, these storms do not
intensify to the degree exhibited by the previous cases
that amplified from an open wave into closed upper-
level circulations; however, the surface low for the Feb-
ruary 1967 snowstorm and the 21–22 January 1987
snowstorm did undergo explosive development for a
period of at least 12 h. In a few of the other cases
(January 1978, February 1979, 23–25 January 1987, and
February 1994), the upper-level short-wave trough ap-
pears to remain nearly steady state or deamplifies with
time. These storms illustrate that heavy snows can ac-
company upper-level troughs that are not strengthening
and may, in fact, be deamplifying with time.

A third group of cases (February 1961, January 1964,
February 1978, and, to some degree, January 1996 and
December 2000) featured a closed circulation in the
middle and upper troposphere prior to sea level cyclo-
genesis (Fig. 4-6c). Closed upper-level circulations, or
‘‘cutoff’’ lows, may form prior to, simultaneously with,
or without surface cyclogenesis, and tend to drift slowly,
as pointed out by Petterssen (1956, 244-245) and Pal-
mén and Newton (1969, 274-283). The cutoff low re-
flects a pool of cold tropospheric air that is detached
from the primary region of cold air located at higher
latitudes. While a cold pool may sometimes be the rem-
nant of a previously occluded storm, the five cases in
this sample were not associated with earlier major sur-
face cyclones. In these cases, the surface lows developed
in association with a closed cyclonic circulation aloft
as it moved slowly eastward from the central United
States to the east coast. Four of the five cases reflect a
sample of storms marked by a relatively long duration
of snowfall, indicative of their slow movement.

1) AMPLITUDE AND WAVELENGTH

The amplitude and wavelength of the upper troughs
and their adjacent ridges, as well as their evolution, can
be used as a measure of the magnitude of the upper-
level divergence and the potential for sea level devel-
opment. The increased amplitude of upper-level trough–
ridge systems enhances vorticity gradients due to chang-
es in curvature, and strengthens vorticity advection
along the upper-level flow, which implies an increase
of upper-level divergence (Palmén and Newton 1969,
p. 325). Increasing amplitude is also indicative of wave
growth, an essential component of baroclinic instability
theories that describe the energy conversions that take
place during cyclogenesis (Charney 1947; Eady 1949;
Gall 1976; Farrell 1985). A decrease in the distance, or
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FIG. 4-6a. Representative examples of trough evolution at 500 hPa for major Northeast snowstorms. Illustration of ‘‘open wave’’ to ‘‘cutoff’’
system, using storms of Mar 1960, 8–10 Feb 1969, Apr 1982, and Mar 1993. Solid lines are geopotential height contours at 500 hPa, yellow
and orange shading represents absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments), and isotachs of maximum wind
speeds observed at 400 hPa (alternating shading represents 5 m s�1 increments of wind speed starting with 40 m s�1).
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FIG. 4-6b. (Continued ) Representative examples of trough evolution at 500 hPa for major Northeast snowstorms. Illustration of an open-
wave system, using storms of Feb 1967, 25–26 Jan 1987, Feb 1994, and Feb 2003. Solid lines are geopotential height contours at 500 hPa,
yellow and orange shading represents absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments), and isotachs of maximum
wind speeds observed at 400 hPa (alternating shading represents 5 m s�1 increments of wind speed starting with 40 m s�1).
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FIG. 4-6c. (Continued ) Representative examples of trough evolution at 500 hPa for major Northeast snowstorms. Illustration of cutoff
lows, using storms of Feb 1961, Jan 1964, Feb 1978, and Jan 1996. Solid lines are geopotential height contours at 500 hPa, yellow and
orange shading represents absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments), and isotachs of maximum wind speeds
observed at 400 hPa (alternating shading represents 5 m s�1 increments of wind speed starting with 40 m s�1).
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half-wavelength, between a trough axis and the down-
stream ridge crest can also increase upper-level diver-
gence. Changes in the amplitude and wavelength of up-
per-level trough–ridge systems were studied to deter-
mine whether developing cyclones act as ‘‘positive feed-
back’’ mechanisms for sustaining or even enhancing
cyclogenesis, as described by Sutcliffe and Forsdyke
(1950) and Palmén and Newton (1969, 324-326) and
described in chapter 7.

To examine amplitude changes, the evolution of the
500-hPa trough associated with the main surface cy-
clone and its downstream ridge was examined.2 As de-
picted in Figs. 4-7a–c, the 36-h changes in wavelength
and amplitude are clearly apparent in most instances,
while in a few cases, such changes could not easily be
measured. Of 30 cases, 28 show evidence of increasing
amplitude (largest increases shown by the blizzard of
January 1966 and the storms of January 1961, Decem-
ber 1966, February 1978, 22 January 1987, the March
1993 Superstorm, and February 1995) while 2 cases
(January 1978 and February 1994) show decreasing am-
plitudes while heavy snow was affecting the Northeast
urban corridor; a mean increase of 7� latitude was noted
for the 30-case sample, marked by a range of �4.5�
(February 1994) to �21� (January 1966). These highly
amplifying cases are all characterized by rapid sea level
cyclonic development while the two cases showing a
decrease in amplitude are accompanied by surface cy-
clones that only slowly intensify. (Small increases of 2�
or less were noted for the cases of December 1960,
February 1961, February 1979, and February 1983.)

Changes in the half-wavelength of the 500-hPa trough
and downstream ridge are also estimated for 30 cases,
using the contours selected for the analysis of amplitude
changes. Decreases in half-wavelength are observed in
28 of the 30 cases (exceptions include the cases of 25
January 1987 and February 1994). The general obser-
vation that amplitudes are increasing during the period
of shortening wavelength indicates that increases in vor-
ticity advection and upper-level divergence are also
characteristic of the cyclogenetic period along the coast.
The consistent depiction of well-defined upper troughs
and ridges with increasing amplitudes and shortening
wavelengths provides a clear upper-level signature of
these storms.

2 A 500-hPa geopotential height contour that exhibited the greatest
amplitude (variation by latitude) between the trough axis and the
downstream ridge was selected at two times. The first was selected
at a time prior to heavy snow along the Atlantic coast while the
second contour was selected 36 h later, a time during which heavy
snow was affecting portions of the middle Atlantic states or New
England. The first contour was selected at the time of the second
panel in the six-panel analyses in chapter 10, volume II, while the
second contour was the same contour, but selected from the fifth
panel.

2) VORTICITY MAXIMA, DIFFLUENCE, AND TROUGH

TILT

The increasing upper-level divergence and vorticity
advection that accompany upper-level trough–ridge sys-
tems whose amplitudes (wavelengths) are increasing
(decreasing) are associated with distinct 500-hPa vor-
ticity maxima. The paths of these maxima are plotted
for each case in Fig. 4-7.3 A composite of all paths is
shown in Fig. 4-8. In addition, one or two representative
500-hPa geopotential height contours are plotted at 24-
h intervals to illustrate the movement and changing am-
plitude, wavelengths, and orientations of the upper
troughs as they evolve during these major snow events.4

The vorticity maxima followed a variety of paths prior
to the onset of East Coast cyclogenesis, but many are
initially directed from northwest to southeast. These
equatorward-propagating features indicate deepening or
‘‘digging’’ troughs, in which the amplitude measured
between the trough and upstream ridge axes increases
with time. An amplifying ridge is usually present up-
stream of a digging trough, as noted by Palmén and
Newton (1969, p. 335), and illustrated by several cases
(e.g., March 1956, January 1966, February 1978, and
31 March–1 April 1997; see Fig. 4-7).

Lackmann et al.’s (1996) composite study of the plan-
etary- and synoptic-scale environment for explosive cy-
clogenesis over the western Atlantic Ocean found the
presence of a stationary high-amplitude ridge over the
West Coast with the cyclone-producing trough deep-
ening east of the ridge over central North America. The
amplification of the trough is a manifestation of a pro-
cess termed downstream development (Simmons and
Hoskins 1979; Orlanski and Chang 1993), in which the
amplification of an upper-level trough and resultant cy-
clogenesis develops after the upper-level ridge ampli-
fication occurred upstream of the system. An especially
auspicious example of this process is represented by the
snowstorm of February 1978. The transformation of a
relatively zonal upper flow occurred as an upper ridge
amplified over the western United States and Canada,
followed by the subsequent amplification of an upper
trough along the east coast and the development of a
very intense cyclone just off the east coast. The deep-
ening troughs were marked by growing cyclonic vor-
ticity due to increasing curvature and cyclonic wind
shear associated with the propagation of an upper-level

3 Locations of the maximum absolute vorticity over the 60-h period
covering each storm were obtained from computer-derived analyses
generated by NCEP and available from NCDC for events since May
1961. For cases prior to May 1961, the positions of the vorticity
maxima were derived from analyses performed on a 2� grid using a
Barnes (1964) objective analysis scheme and modified for interactive
analysis purposes by Koch et al. (1983). Locations were later verified
with the NCEP reanalysis data (Kalnay et al. 1996).

4 The starred symbols in Fig. 4-7 represent locations of maximum
vorticity while the enlarged symbols correspond to the times when
the height contours were selected.
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FIG. 4-7a. Mar 1956–Feb 1972. Paths of 500-hPa vorticity maxima for individual cases. Circled stars refer to 12-hourly
positions. Dashed lines are representative 500-hPa geopotential height contours at 24-h intervals (light blue dashed is earlier
contour; dark blue dashed is same contour 24 h later).
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FIG. 4-7b. (Continued ) As in Fig. 4-7a, but for Jan 1978–Dec 2000.
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FIG. 4-8. Composite of 500-hPa vorticity maxima for all cases. Red area represents locus
of paths over the middle Atlantic states when vorticity maxima are converging and moving
east-northeastward over the Atlantic Ocean.

jet streak from the ridge toward the trough axis (Bjerk-
nes 1951; Palmén and Newton 1969, p. 341).

Following the initial deepening or digging of the up-
per-level troughs in the central United States, the paths
of the vorticity maxima typically curved to the east or
northeast as they approached the Atlantic coast (see the
clusters of paths indicated by the red area in Fig. 4-8).
This scenario is similar to those described in a clima-
tological study of heavy snowfall over the eastern Unit-
ed States by Goree and Younkin (1966) and in a com-
posite study of rapidly intensifying cyclones over the
west-central North Atlantic Ocean by Sanders (1986a).
The heaviest snow often falls along or parallel to the
west of the track of the 500-hPa vorticity maximum (see
Fig. 3-3). With few exceptions, the centers of maximum
cyclonic vorticity converge along a track off the coast
between North Carolina and New Jersey to positions
just south of the southern New England coast. Heavy
snow seldom occurs over the coastal plain when the
vorticity maximum associated with an amplifying up-
per-level trough curves to the northeast before reaching
the East Coast (also see chapter 5).

One of the few cases in which the 500-hPa vorticity
maximum passes west and north of the primary snow-
band across the Northeast urban corridor is the February
1967 storm (see Fig. 3-3). More typically, in cases where
the vorticity maximum propagates northeastward into
the Ohio Valley, the primary surface low pressure sys-

tem usually maintains a well-defined circulation west of
the Appalachians, advecting lower-tropospheric warm
air over the coastal plain. Secondary cyclogenesis still
occurs in some cases and cold air may remain in the
lowest levels of the atmosphere east of the Appalachian
Mountains due to cold-air damming. The warm-air ad-
vection aloft, however, often produces precipitation in
the form of rain, freezing rain, or ice pellets, rather than
heavy snow in the major metropolitan areas along the
coast (see chapter 5). Therefore, the predicted path of
the 500-hPa vorticity maximum is an important consid-
eration for forecasters when trying to distinguish heavy
snow events from other cases in which substantial snow-
fall is less likely.

The development of diffluence downwind of the
trough and a change in the orientation of the trough axis
from a positive (northeast–southwest) or neutral (north–
south) tilt to a negative tilt (northwest–southeast) are
also distinguishing characteristics of the upper-level
trough evolution in all cases characterized by increasing
amplitudes and decreasing wavelengths. Diffluence, de-
fined in the Glossary of Meteorology (Glickman 2000)
as the ‘‘rate at which adjacent flow diverges along an
axis oriented normal to the flow at the point in ques-
tion,’’ has been recognized as the signature of increasing
upper-level divergence immediately downstream of a
trough axis (Scherhag 1937; Bjerknes 1954; Palmén and
Newton 1969, 334-335). Diffluence becomes more pro-
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nounced as (i) the trough amplitude increases and the
wavelength decreases, (ii) the trough axis becomes neg-
atively tilted, and (iii) an upper-level jet streak propa-
gates from the west-northwest of the trough axis toward
the base of the trough. Bjerknes (1951) has also noted
this process as an important factor contributing to sur-
face cyclogenesis. In many of these cases, the evolution
of the trough axis from a positive or neutral tilt to a
negative tilt occurs as the trough–ridge amplitude in-
creases and the wavelength decreases and an intense
500-hPa vortex forms as the surface cyclone undergoes
explosive development.

3) TROUGH MERGERS

There is increasing evidence that intense cyclogenesis
sometimes occurs as separate, distinct troughs appear
to merge together (e.g., see Lai and Bosart 1988; Gaza
and Bosart 1990; Dean and Bosart 1996; Hakim et al.
1995; Hakim et al. 1996; Huo et al. 1999a,b; Bosart
1999). With trough mergers, two or more troughs
marked by separate vorticity maxima and distinct sup-
porting baroclinic zones can interact to produce more
intense cyclogenesis. The interaction of these systems
enhances the upper-level vorticity advection and asso-
ciated upper-level divergence as the merging of separate
vorticity maxima into a more cohesive maximum pro-
duces a well-organized pattern of vorticity advection
above the developing surface cyclone.

However, not all upper-trough interactions produce
more intense cyclones since some interactions can result
in the decay, or damping, of one or more upper-trough
systems, impeding cyclogenesis. Dean and Bosart
(1996) illustrate how one vorticity center may split into
two or more centers, and termed this interaction a trough
fracture. In other instances, two or more troughs may
interact in a way to suppress or damp one or both of
the troughs. For example, prior to a snowstorm on 22–
23 February 1987 (see volume II, chapter 10.23), nu-
merical models forecast a northern stream short-wave
trough to progress eastward across the northern United
States at a more rapid pace than a separate, southern
stream short-wave system, damping the southern stream
short-wave trough, and suppressing any subsequent cy-
clogenesis from the southern stream system. However,
as the event drew closer and the northern stream short
wave was resolved more accurately by the short-range
forecast models, its movement was more southward and
much slower than earlier forecasts, allowing the south-
ern stream system to maintain its amplitude and inten-
sify as it pivoted around the base of the northern stream
trough. The result was an explosive cyclonic develop-
ment that led to a burst of very heavy snow across
Maryland, Pennsylvania, and New Jersey.

Theoretical and observational studies (Thorncroft et
al. 1993; Shapiro et al. 2000) have also explored cyclone
life cycles leading to different ‘‘types’’ of cyclone for-

mation, the so-called anticyclonic (LC1) and cyclonic
(LC2) modes, one that produces positively tilted troughs
while the other leads to negatively tilted troughs. These
studies appear to link background flow states of the
atmosphere of specific climate regimes to upper-level
trough interactions downstream that either promote
mergers or fractures and provide a theoretical basis for
distinguishing how the atmosphere’s circulation may
yield different ‘‘flavors’’ of cyclones.

Forecasters have long recognized the dilemma in de-
termining whether separate troughs and their associated
vorticity maxima will merge or remain separate, espe-
cially since numerical prediction models have not al-
ways been successful in simulating these interactions.
An intense cyclone developed on 25 January 1978 over
the Ohio Valley, and came to be known as the Cleveland
‘‘Superbomb’’ (Salmon and Smith 1980; Hakim et al.
1995, 1996). This storm represents one of the most dra-
matic examples of an intense cyclone that resulted from
the interaction of two or more shortwave troughs, a
merger that contributed to one of the most intense cy-
clones on record for the Ohio Valley and Great Lakes.

Trough mergers have also been responsible for the
development of many East Coast cyclones and they play
roles in the development of some of the snowstorms
examined in this monograph. Trough mergers are sug-
gested in varying degrees from 17 cases, which are those
cases with multiple vorticity paths shown in Fig. 4-8;
the more dramatic cases that evolved from an interaction
of two or more distinct systems include December 1960,
January 1966, February 1983, February 1987, March
1993, and February 1995. In these cases, there is evi-
dence for the superpositioning of multiple vorticity cen-
ters that underwent various forms of amplification, con-
solidation, or both (i.e., see Lai and Bosart 1988).

A common occurrence in some Northeast snowstorms
is that a short-wave trough propagating from the Cali-
fornia coast across the southern United States will sup-
port the initial development of a surface cyclone and
its associated precipitation shield. On occasion, a sep-
arate, significant (and possibly amplifying) trough lo-
cated upstream of the southern stream short-wave trough
will overtake the initial system and enhance the devel-
opment of the surface cyclone and contribute to a sudden
‘‘jump’’ of the surface low farther northward in response
to the impact of the upper-level forcing. New York
City’s ‘‘big snow’’ of December 1947 appears to have
developed in such a manner (see chapter 9, volume II)
in which a weak, southern stream short-wave trough
merges with an amplifying northern stream short-wave
system. At the time, this storm was poorly forecast pos-
sibly due to the difficulty in foreseeing the amplification
of the northern stream trough and resulting trough merg-
er off the Southeast coast.

The evolution of the Cleveland Superbomb and the
March 1993 Superstorm (see volume II, chapter 10.24)
are used as more recent examples of trough merging
(Fig. 4-9) with Huo et al. (1999b) showing the important
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FIG. 4-9. Examples of trough ‘‘merging’’ at 500 hPa at 1200 UTC 26 Jan 1978 and 0000 UTC 14 Mar 1993. Solid lines are geopotential
height contours, yellow and orange shading represents absolute vorticity (greater than 16 � 10�5 s�1, at 4 � 10�5 s�1 increments).

role of the northern stream trough in the dramatic cy-
clogenesis during the March 1993 Superstorm (see
chapter 10, volume II). Bosart et al. (1996) show that
three separate trough features or anomalies played roles
in the development of the March 1993 Superstorm. One

feature circumnavigated the globe before allowing cold
air to plunge south and merged with two separate upper
troughs or anomalies moving toward and across the Gulf
coast (more details can be found in chapter 7 and chapter
10.24 in volume II).



C H A P T E R 4 111S N O W S T O R M S : U P P E R - L E V E L F E A T U R E S

FIG. 4-10. Illustrations of upper-level confluence, jet streaks, and surface anticyclones, with three representative examples, including an
upper-level analysis (see Fig. 4-1 caption for details) and its associated surface analysis.

b. Surface anticyclones and the requirement for
confluence aloft

A surface anticyclone is a significant and common
characteristic of many of the 30 snowstorms, supplying
the cold air necessary for precipitation to fall as snow
within the Northeast urban corridor. In general, the an-
ticyclones are observed to cross Ontario and Quebec,
or the main anticyclone drifts southward from central
Canada to the central United States with a secondary
high pressure cell or surface ridge axis extending east-
ward into Quebec or across the northeastern United
States (see chapter 3). As first emphasized in the earlier
version of this monograph (Kocin and Uccellini 1990),
the surface anticyclones or associated high pressure
ridges were located beneath a region of confluent geo-
potential heights immediately upstream of the trough
located over southeastern Canada, in nearly all cases in
this sample, marking the entrance region of a polar jet
streak.

Confluence is defined in the Glossary of Meteorology
(Glickman 2000) as the ‘‘rate at which adjacent flow
converges along an axis oriented normal to the flow at
the point in question.’’ The confluent height field is
observed prior to and during the development of all but
5 of the 30 Northeast snowstorms, including the three
examples shown in Fig. 4-10. Petterssen (1956, p. 333)
and Reiter (1963, p. 183) describe regions of confluence

upwind of upper-level troughs as favorable sites for an-
ticyclone development and the southward transport of
low-level cold air. Bell and Bosart (1989) also note the
association between an upper confluent jet entrance re-
gion, cold low-level anticyclones, and the evolution of
coastal frontogenesis prior to 11 cases of major East
Coast cyclogenesis. The repeated appearance of upper-
level confluence and its connection with the sea level
anticyclones suggest that the development and main-
tenance of an upper-level confluence zone over the
northeastern United States or southeastern Canada help
to establish and maintain the lower-tropospheric cold
temperatures necessary for snowfall along the coast.

In the cases marked by surface high pressure systems
that differed from the two typical patterns shown in Fig.
3-12, the upper confluent flow appeared to be weakening
or absent. In these cases, the surface anticyclone tracked
east or northeastward east of New England or Quebec
over the Atlantic Ocean as the surface low was devel-
oping along the Atlantic coast; this was particularly true
for the cases of 8–10 February 1969, December 1969,
February 1972, February 1995, to some degree the
March 1993 Superstorm, and 24–25 January 2000. Of
these cases, snow changed to rain across the coastal
sections of the middle Atlantic states and particularly
over New England. In this regard, the 8–10 February
1969 storm is particularly anomalous since upper-level
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FIG. 4-11. Composite of 500-hPa low centers associated with east-
ern Canadian troughs. Blue area represents locus of paths of 500-
hPa lows over southeastern Canada and the adjacent western Atlantic
Ocean.

confluence was generally not observed, while the sur-
face high moved eastward off the New England coast,
yet, precipitation fell mainly as snow across much of
the Northeast as the surface low deepened explosively
off the New Jersey and southern New England coast-
lines.

The surface anticyclones and associated upper-level
confluence are typically found upwind of upper-level
troughs propagating across eastern Canada. In many of
these cases, the upper-level trough is characterized by
a 500-hPa vortex or low center whose paths are shown
with the surface anticyclones in Fig. 3-11. These fea-
tures are observed in 21 cases and in the other cases, a
short-wave trough axis is found instead. A summary of
the paths of these upper low centers (Fig. 4-11) shows
that the high pressure systems to the north of the snow-
storms are located to the rear of significant short-wave
troughs crossing Quebec, the Canadian Maritime Prov-
inces, Labrador, and the Atlantic Ocean south of Green-
land, features also noted by Bell and Bosart (1989) in
their study of large-scale flow configurations accom-
panying New England coastal frontogenesis and East
Coast cyclogenesis.

A separate circulation feature, often termed the
‘‘Greenland block,’’ a cutoff upper-level anticyclone
centered near Greenland or Iceland, is frequently cited
by forecasters as a premonitory sign of a flow regime
that maintains cold weather in the Northeast and is con-

ducive to snowstorms along the coast. This feature is
consistent with the negative phase of the North Atlantic
Oscillation (Hurrell 1995), a pattern favoring cold tem-
peratures in the Northeast (see chapter 2). This feature
is also consistent with Bell and Bosart’s (1989) finding
of positive thickness anomalies near Greenland prior to
East Coast cyclogenesis for an 11-case composite. The
block appears to impede the progression of the eastern
Canadian trough (see the schematic in Fig. 4-12), main-
taining confluent upper-level conditions that allow cold
air to flow into the Northeast United States.

An upper-level cutoff anticyclone center was located
between Newfoundland and Iceland in 13 cases (in-
cluding February 1958, March 1960, January 1964, Jan-
uary 1966, December 1966, February 1978, April 1982,
February 1983, the two cases of January 1987, February
1987, January 1996 and January 2000; see examples in
Fig. 4-12). Most of the cutoff anticyclones are centered
near or south of Iceland, rather than Greenland. The
mechanisms that create ‘‘blocking’’ patterns and their
roles in establishing conditions conducive to snowfall
are related to complex planetary-scale processes (e.g.,
see Colucci 1985) that appear to be linked to the neg-
ative phase of the North Atlantic Oscillation (NAO),
discussed in chapter 2. The observation of a cutoff an-
ticyclone in 13 cases suggests that such blocking pat-
terns can play a significant role in establishing condi-
tions favorable for Northeast snowstorms and contribute
to the episodic nature of heavy snowstorms that affect
the Northeast urban corridor.

Confluent upper-flow regimes also mark the entrance
regions of jet stream wind maxima (Namias and Clapp
1949). It is, therefore, not surprising that the confluence
observed in most of these cases was linked to the pres-
ence of polar jet streaks extending across the northeast
United States and southeastern Canada (see Fig. 4-10),
which are independent of the jet streaks associated with
the upper-level troughs approaching the east coast far-
ther south. The following description of middle- and
upper-tropospheric winds establishes a link between the
jet stream winds in the confluent region above the sur-
face anticyclone, the diffluent jet upstream of the de-
veloping surface cyclone, and the occurrence of major
Northeast snowstorms.

c. Upper-level jet streaks

Jet streams are well-known and integral components
of extratropical weather systems. Embedded within the
jet stream are distinct isotach maxima, or jet streaks, as
defined by Palmén and Newton (1969, p. 199). The
cyclonic wind shear and the along-stream wind varia-
tions associated with jet streaks focus and enhance the
cyclonic vorticity maximum, vorticity advection, and
the associated upper-level divergence and vertical mo-
tion fields (Riehl et al. 1952; Cahir 1971; Uccellini and
Johnson 1979) that promote sea level cyclogenesis
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FIG. 4-12. Schematic of the Greenland block, including positions of upper-level anticyclone, upper-level eastern Canadian trough with
confluent upper-level flow, and surface frontal and surface low and high pressure center positions. Also shown are examples of 500-hPa
charts for cases exhibiting manifestations of the Greenland block. See Fig. 4-1 caption for details.
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←

FIG. 4-13. Examples of multiple upper-level jets structure at (left) 1200 UTC 29 Jan 1966 and (right) 1200 UTC 18 Feb 1979. Arrows
indicate jet axes. Top row: 200-hPa analyses, including geopotential height (solid, 140 � 1400 m) and isotachs (dashed, m s�1, shading for
alternating 10 m s�1 intervals above 40 m s�1). Second row: 300-hPa analyses, including geopotential height (solid, 900 � 9000 m) and
isotachs (dashed, m s�1, shading for alternating 10 m s�1 intervals above 40 m s�1). Third row: 500-hPa analyses, including geopotential
height (540 � 5400 m) and isotachs (dashed, m s�1). Bottom row: surface analyses, depicting fronts, sea level isobars (thin solid, hPa), and
precipitation areas.

(Bjerknes 1951; Riehl et al. 1952; Newton 1956; Reiter
1963, 1969; Uccellini 1990).

Principal jet stream axes at 250 hPa are superimposed
on the 12-hourly 500-hPa geopotential height analyses
shown for 30 of the 32 cases in chapter 10, volume II.
The upper-level wind analyses at 500, 400, and 250 hPa
indicate that the sample of 30 storms is characterized
by multiple and multilevel jet systems that cannot easily
be described due to their complicated horizontal and
vertical structure and evolution. Both polar and sub-
tropical jet streaks are present concurrently in many
cases. Polar jet streaks are described in the 250- and
400-hPa isobaric charts shown here, but may also be
seen in the 200- and 500-hPa charts since they are as-
sociated with baroclinic zones that extend through a
deep layer of the middle troposphere. Subtropical jet
streaks are mainly observed at 250–200 hPa, since they
are typically associated with baroclinic regions that are
confined to the upper troposphere. Wind analyses in
chapter 10, volume II, show that the polar jets attained
typical speeds of 50–70 m s�1, while maximum speeds
in both polar and subtropical jet streaks approached 80–
100 m s�1 in some cases.

The complex structure of jet streams and the jet
streaks embedded within them is illustrated by the Jan-
uary 1966 and February 1979 cases (Fig. 4-13). At 1200
UTC 30 January 1966, the 200-, 300-, and 500-hPa
charts reveal multiple jet streaks at various levels of the
atmosphere, with the incipient surface cyclone located
over the Gulf coast states (also see analyses in volume
II, chapter 10.9). At 200 hPa, a jet streak extended from
the western Gulf of Mexico through the southeastern
United States with an 85 m s�1 wind speed maximum
over Georgia. The concentration of maximum wind
speeds in the upper troposphere and their relative equa-
torward location are characteristic of a subtropical jet
streak. At 300 hPa, jet streaks were analyzed over the
Ohio Valley and over Florida. The well-defined wind
maximum over the Ohio Valley, with velocities ex-
ceeding 85 m s�1, did not appear in any form on the
200-hPa analyses, although the lower extension of this
jet system was evident in the 500-hPa analysis over the
northeastern states, indicating that this was probably a
polar jet. The relative wind speed maximum over Flor-
ida at 300 hPa may be a lower, sloped extension of the
jet streak found over Georgia at the 200-hPa level. A
separate upper-level jet was noted at 200, 300, and 500
hPa over the plains states on the upwind side of the
amplifying trough over the central United States.

A second example of complex jet system structure is

from the February 1979 Presidents’ Day Storm. At 1200
UTC 18 February 1979, the 200- and 300-hPa charts
show evidence of multiple jet streaks, at a time when
heavy snow was developing across the southeastern
United States (Fig. 4-13). At 200 hPa, the eastern half
of the United States was located beneath an extensive
belt of high winds, with an 85–90 m s�1 jet streak an-
alyzed over North Carolina. There was also a small
separate 40 m s�1 jet streak over western South Dakota.
At 300 hPa, two jet streaks were evident within the belt
of high wind speeds over the eastern United States. An
80 m s�1 jet streak was centered over southern New
England, while a 65 m s�1 streak was located over the
Tennessee Valley. The wind speed maximum over New
England, which was not readily apparent at 200 hPa,
represents a descending polar jet within the confluence
zone upstream of a trough off the Canadian coast. The
speed maximum over Tennessee was actually the lower
extension of the ascending subtropical jet streak that
had its maximum velocities at 200 hPa over North Car-
olina. The polar jet streak over the plains states was
better defined at 300 hPa than at 200 hPa, and was also
observed at 500 hPa. For more details of the jet struc-
tures in this case, see the analyses in volume II, chapter
10.18, and in Uccellini et al. (1984, 1985).

Large temporal changes in the strength and location
of upper-level jets characterized many of the snow-
storms. Large increases of wind speed, defined here as
greater than 15 m s�1 over a period of 24 h or less, are
observed in 19 of 30 cases both prior to and during
cyclogenesis along the East Coast. These large wind
speed increases are observed in an equal number of
cases near or slightly upwind of the trough axis and
along the downstream ridge crest, and two examples are
presented in Fig. 4-14. One example in which significant
increases in wind speed is noted near the base of the
upper troughs is the 31 March 1997 case (Fig. 4-14,
top). In this case, wind speeds at the 250–300-hPa level
increased from 50 to over 70 m s�1 in 12 h, ending at
0000 UTC 31 March 31 1997. The increase occurred
near the base of the upper trough as the upper trough
amplified. In the cases in which upper-level wind speeds
increase at the base of the trough, it does not appear
that the increase occurs as an upper jet or wind maxima
drops southeastward along the western side of the trough
axis. Rather, as the upper shortwave increases in am-
plitude, a subtropical jet approaching the base of the
trough appears to increase in speed as a response to the
increasing pressure gradient related to the localized
wave amplification. (Other cases that exhibit large in-
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FIG. 4-14. Examples of upper-level jet amplification prior to major snowstorms.

creases of wind speed at the base of the upper trough
include February 1961, February 1967, and February
1983; see the upper-level wind analyses in chapter 10,
volume II.)

While the speed increases are noted just upstream of
the trough axis and along the downstream ridge, the
greatest speed increases are often observed near the
crests of the upper-level ridge downstream of the upper
trough associated with the surface cyclone. The increas-
es in wind speed prior to and during cyclogenesis are
consistent with the increased geopotential height gra-
dients and amplifying character of the upper-level
trough–ridge systems observed with many of the 30
cases and demonstrate that in several of these cases the

wind velocities with the upper-level jet streaks are also
undergoing significant changes near the upper-trough
axis and within the downstream ridge.

These wind speed amplifications during cyclogenesis
also reflect the upper-level impact of latent heat release
(Chang et al. 1982; Keyser and Johnson 1986; Uccellini
1990; Dickinson et al. 1997) as significant precipitation
development downstream of the upper-trough axis
warms the atmosphere through latent heating, forcing
the amplification of the upper jet to the north of the
region (for more details, see chapter 7). The develop-
ment of the January Blizzard of 1966 and the March
1993 Superstorm are both characterized by large wind
speed increases in the downstream ridge crest. Prior to
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the Blizzard of 1966, the 300-hPa winds increased from
60 to 85 m s�1 in only 12 h over the Ohio Valley and
middle Atlantic states as the surface low developed over
the Gulf of Mexico. During the formation of the March
1993 Superstorm over the Gulf of Mexico, wind speeds
at 300 hPa increased from 65 to over 90 m s�1 over the
Ohio Valley, also in only 12 h (Fig. 4-14, bottom). Large
increases in wind speed near the ridge crest prior to
cyclogenesis were also shown by other cases (including
January 1964, February 1979, and January 1996; see
the upper-level wind analyses for these cases in chapter
10, volume II).

Despite the complexity in the upper-level jet structure
near the trough, the upper-level confluence observed in
southeastern Canada prior to many major Northeast
snowstorms (see section 3b) was typically associated
with the entrance region of one or more upper-level jet
streaks (Fig. 4-10). Although some individual jet streaks
were often difficult to define utilizing standard isobaric
surfaces, there were consistent patterns of confluence
and associated wind maxima, particularly over the
northeastern United States and southeastern Canada.
While the upper confluent signature was weak or absent
in 5 of the 30 cases, the entrance region of the upper-
level jet streak(s) was observed over the northeast Unit-
ed States or southeast Canada in all but 3 cases (the
storms of 8–10 February 1969, February 1995, and 31
March–1 April 1997; see analyses in chapter 10, Volume
II). The presence of an upper-level trough over eastern
Canada, in combination with a mean climatological
ridge over the western Atlantic Ocean may favor the
appearance of confluence and an upper-jet entrance re-
gion across the northeastern United States and Canada,
suggesting a favorable environment to maintain cold air
in the northeast prior to many major snowstorms.

It is also well known that cyclones tend to develop
within the exit region of upper-level jet streaks (see,
e.g., Reiter 1969). While the jet exit regions were often
located over the data-sparse Gulf of Mexico or the west-
ern Atlantic Ocean, the advent of the NCEP reanalysis
data (Kalnay et al. 1996) allows a dynamically consis-
tent diagnosis of winds that minimizes uncertainties re-
garding data-sparse areas and shows the jet streak exit
region approaching the southeast coast during the cy-
clogenetic period. The mutual presence of both jet en-
trance and jet exit regions in the development of heavy
snowfall will be explored next.

d. An orientation of jet streaks conducive to heavy
snowfall

An orientation of upper-level jet streaks and their as-
sociated vertical ageostrophic circulations is an impor-
tant signature of the cyclogenetic environment that ap-
pears to contribute to heavy snowfall in the Northeast,
and is illustrated by three cases (Fig. 4-15) out of the
eight used by Uccellini and Kocin (1987) to identify a
lateral coupling of the ascent pattern related to these jet

systems. One jet is directed toward the base of the upper-
level trough approaching the east coast and another is
situated upstream of the trough crossing southeastern
Canada or the northeastern United States. An upper-
level jet streak approaching the base of the trough, with
its diffluent exit region over the East Coast, is a common
feature during the 12-h period when cyclogenesis was
occurring along the coast. A jet streak embedded within
the upper-level confluent zone across the northeastern
United States or southeastern Canada was also a com-
mon feature during the same period. The cold surface
anticyclone or ridgeline was often located beneath the
region of confluent geopotential heights at 500 hPa that
marked the entrance region of this jet streak.

Cross sections bisecting the entrance and exit regions
of the two jet streaks reveal the presence of transverse
vertical circulations that appear to be laterally coupled
and link the jet streaks and their associated upper-level
troughs to 1) the orientations of the surface cyclones
and anticyclones, 2) the temperature advections, 3)
moisture transports, and 4) vertical motions needed to
produce heavy snowfall.

A kinematic methodology was developed by Keyser
et al. (1989) to represent the three-dimensional ageos-
trophic circulations in terms of the contributions to the
vertical motion by the cross-stream divergent ageos-
trophic flow associated with a jet streak from along-
stream divergent ageostrophic flow associated with the
upper trough–ridge pattern. Using Keyser et al.’s meth-
odology, Loughe et al. (1995) found quantitative support
for the interpretation that the ‘‘laterally coupled’’ jet
streak circulation pattern makes a significant contribu-
tion to the ascent diagnosed for the February 1983 snow-
storm. Furthermore, the cross-stream ageostrophic cir-
culation pattern associated with the laterally coupled jets
tends to focus the ascent pattern into a relatively narrow
domain, coincident with the area of heaviest snow (Fig.
4-16).

In summary, Uccellini and Kocin’s (1987) analyses
of the February 1983 case and seven other cases and
the resultant schematic representation of the lateral cou-
pling of the transverse circulations around the separate
jet streaks (Fig. 4-17) illustrates the following:

i) As an upper-level trough over the Ohio and Ten-
nessee Valleys approaches the East Coast and a jet
streak approaches the base of the trough and prop-
agates toward the diffluent region downwind of the
trough axis, a surface low pressure system devel-
ops. The cyclogenesis occurs downstream of the
trough axis, within the exit region of the jet streak,
where upper-level divergence (cyclonic vorticity
advection) related to both the trough and the jet
favors surface cyclonic development.

ii) A separate upper-level trough over southeastern
Canada and a jet streak embedded in the confluence
zone over New England are associated with a cold
surface high pressure system, which is usually
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FIG. 4-15. Examples of transverse vertical circulation patterns for three cases. (top) Analyses at 0000 UTC 12 Dec 1960, 1200 UTC 11
Feb 1983, and 0000 UTC 26 Jan 1987 include 300-hPa geopotential heights (528 � 5280 m), isotachs (dotted–dashed; 40 � 40 m s�1),
and each flag represents 25 m s�1. Each barb denotes 5 m s�1 and each half-barb denotes 2.5 m s�1. Thick dashed line represents axis of
cross section shown in the bottom panels of the figure. (middle) Corresponding surface frontal and isobaric (solid, hPa) analysis with shading
representing precipitation. Vector representation of vertical motions and ageostrophic wind components tangential to the plane of the cross
section shown at the top of the figure, including isentropes (K) at 4-K increments. The horizontal vector components are scaled at the bottom
of the figure (m s�1). Shading represents ascent in excess of �5 	b s �1. Positions of upper-level jet streaks are indicated by J; D and I
denote centers of direct and indirect circulations, respectively. [Derived from Uccellini and Kocin (1987).]
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FIG. 4-16. (a) Vector representation of vertical motions and ageostrophic wind components tangential to the plane of the cross sections
shown in (c) at 1200 UTC 11 Feb 1983, including isentropes (K) at 4-K increments. The horizontal vector components are scaled at the
bottom of the figure (m s�1). Shading represents ascent in excess of �5 	b s�1. Positions of upper-level jet streaks are indicated by J; D
and I denote centers of direct and indirect circulations, respectively (from Uccellini and Kocin 1987). (b) Cross section at 1200 UTC 11
Feb 1983 of transverse vertical circulation represented in terms of (vags, 
). Background fields are �E and � (contour interval, 5 K), respectively
(from Loughe et al. 1995). (c) The 300-hPa geopotential height and wind analysis (alternating shading represents 10 m s�1 increments of
wind speed) at 1200 UTC 11 Feb 1983. Dashed line represents axis of cross section shown in (a); dotted line represents axis of cross section
shown in (b).

found beneath the confluent entrance region of the
jet streak.

iii) Indirect and direct transverse circulations that ex-
tend through the depth of the troposphere are lo-
cated in the exit and entrance regions of the south-
ern and northern jet streaks, respectively.

iv) The rising branches of the transverse vertical cir-
culations associated with the two jet streaks appear
to merge, contributing to a large region of ascent

along sloped isentropic surfaces, which produces
clouds and precipitation between the diffluent exit
region near the east coast and the confluent entrance
region over the northeastern United States.

v) The advection of Canadian air southward in the
lower branch of the direct circulation over the
northeastern United States maintains the cold low-
er-tropospheric temperatures needed for snowfall
along the east coast. In many cases, the lower
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FIG. 4-17. Schematic of dual jet-related circulation patterns during Northeast snowstorms. Circu-
lations are represented by pinwheels, jet streaks are embedded within confluent and diffluent regions,
and solid lines are sea level isobars.

branch of this circulation pattern is enhanced by
the ageostrophic flow associated with cold-air dam-
ming east of the Appalachian Mountains (see chap-
ter 3).

vi) The northward advection of warm, moist air in the
lower branch of the indirect circulation over the
southeastern United States rises over the colder air
north of the surface low. An easterly or southeast-
erly low-level jet streak (see the next section) typ-
ically develops within the lower branch of the in-
direct circulation beneath the diffluent exit region
of the upper-level jet. This low-level flow enhances
the moisture transport toward the region of heavy
snowfall and focuses the low-level thermal advec-
tion patterns along the coast.

vii) The combination of the differential vertical motions
in the middle troposphere and the interactions of
the lower branches of the direct and indirect cir-
culations appears to be highly frontogenetic [as
computed by Sanders and Bosart (1985a) for the
February 1983 storm], increasing the thermal gra-
dients in the middle and lower troposphere during
the initial cyclogenetic period. This finding is con-
sistent with the increase in available potential en-

ergy observed by Palmén (1951, p. 618) during the
early stages of cyclogenesis.

e. Lower-tropospheric jet streaks and warm-air
advections

The northward advection of warm, moist air at low
levels is an important component of the coupled jet
pattern discussed in the previous section. The warm-air
advection marks the lower branch of the indirect cir-
culation in the exit region of the jet streak approaching
the East Coast. The low-level advection of warm, moist
air is usually associated with a pronounced isotach max-
imum or low-level jet streak (LLJ) that develops either
prior to or during cyclogenesis (often near 850 hPa),
and is directed toward the area of heaviest snowfall.
With the onset of cyclogenesis along the East Coast, an
LLJ often develops from a southerly to easterly direction
near the coast (see the March 1960 example in Fig 4-
18a). This LLJ is observed in all 30 cases, with max-
imum wind speeds typically ranging between 25 and 35
m s�1 at 850 hPa (Figs. 4-18a–c). The development of
wind maxima near the 850-hPa level during East Coast
storms may account for the secondary maximum of
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LLJs frequently found along the North Carolina coast
by Bonner (1965) in his climatological survey of low-
level jet streaks in the United States; The primary max-
imum is located over the southern plains states; the pri-
mary maximum is located over the southern plains
states.

The development of the LLJ is often initially ob-
served over the southeastern United States with a south
to southeasterly 850-hPa wind maxima located to the
east-northeast of the developing surface low pressure
center. In addition, the LLJ occurs beneath the exit re-
gion of the upper-level jet–trough systems approaching
the East Coast (Figs. 4-18a–c) in a manner that is con-
sistent with the isallobaric effects described by Naistat
and Young (1973) and the jet streak coupling process
described by Uccellini and Johnson (1979). Of the 30
cases examined, at least 18 exhibit the development of
an LLJ along the Southeast or middle Atlantic coast
within the entrance region of an upper-level jet streak
over the northeastern United States and within the exit
region of a separate jet streak approaching the east coast;
this early onset is especially evident in the cases of
February 1958, March 1960, January 1978, 22 January
1987, and March 1993; see Fig. 4-18). In many of the
cases depicted in Fig. 4-18, the development of heavy
snowfall along the middle Atlantic and Northeast coast
was accompanied by the development of a southeasterly
to easterly LLJ across the middle Atlantic states and
New England with wind speeds usually exceeding 25
m s�1 and occasionally exceeding 35–40 m s�1. Com-
putations of low-level moisture transport associated
with the development of an LLJ during the evolution
of the February 1979 Presidents’ Day Storm (Uccellini
and Johnson 1979; Uccellini et al. 1984) show moisture
transport values comparable to springtime convective
environments.

Numerical simulations of the development of an LLJ
with the February 1979 Presidents’ Day Storm (Uccel-
lini et al. 1987) showed that the development of this jet
can occur over a period of only 2–4 h. High-resolution
numerical simulations of cyclone events show that many
LLJs can form over time periods of significantly less
than the 12-h resolution of the operational rawinsonde
network. Therefore, the examination of 30 cases utiliz-
ing the rawinsonde network was not sufficient to resolve
the details of the development of the LLJ in every case.
Nonetheless, the data were sufficient to observe a por-
tion of the development of the LLJ in most cases. For
example, during the development of the snowstorm of
February 1978, 850-hPa wind speeds increased from 10
to 15 m s�1 at 1200 UTC 6 February as snow was
beginning to develop along the mid-Atlantic coast to 35
to 40 m s�1 and greater over a large portion of the
Northeast by 0000 UTC 7 February as heavy snow en-
veloped much of the Northeast (see chapter 10, volume
II).

As shown by Uccellini et al. (1987), the development
of a low-level jet streak prior to the development of the

1979 Presidents’ Day Storm enhanced the lower-tro-
pospheric thermal and moisture advections required for
heavy snow development. It also was a crucial com-
ponent of the initial cyclogenetic phase by enhancing
the mass divergence in the low levels within a narrow
region and focusing surface pressure falls immediately
along the coast. A similar sequence of LLJ development
with a significant ageostrophic component is also ana-
lyzed for the initial cyclogenesis for the February 1978
snowstorm (see volume II, chapter 10.17). Therefore,
the LLJ serves a crucial role in enhancing and focusing
the initial rapid development phase of the cyclone, in
addition to transporting the moisture requirements for
sustaining a large area of heavy snow.

f. Other lower-tropospheric characteristics

The development of cyclones depends on regions of
enhanced baroclinicity that are often maximized in the
lower troposphere, as well as their associated patterns
of low-level warm-air advections. The development of
low-level jet streaks within this lower-tropospheric flow
provides a mechanism for enhanced thermal advections
and serves as a mechanism of rapid lower-tropospheric
mass divergence that can act to focus the pressure falls
along the coast during the intense periods of cyclogen-
esis (Uccellini et al. 1987), a critical element for a cy-
clone’s intensification.

In addition to the direct impact of the thermal gra-
dients on cyclogenesis, many weather forecasters rec-
ognize that the demarcation between rain and snow is
often found with 850-hPa temperatures near or slightly
below 0�C. Other empirical approaches also stress crit-
ical values of 1000–850-, 850–700-, or 1000–500-hPa
thicknesses (e.g., see Wagner 1957). The 850-hPa sur-
face serves not only as an indicator of precipitation type,
but is also representative of lower-tropospheric thermal
and moisture advections. Thus, the 850-hPa surface is
a valuable level for examining many of the factors that
influence the precipitation form and intensity during
snowstorms (Bailey 1960; Browne and Younkin 1970;
Spiegler and Fisher 1971).

A comparison of the 850-hPa low tracks with the
snowfall patterns in the 30 storms (Fig. 4-19) reveals
that the heaviest snowfall occurred 50–300 km to the
left of the center’s path. This generally agrees with the
results of Browne and Younkin (1970) and Spiegler and
Fisher (1971). The paths of the 850-hPa low centers
were located near or to the left of their sea level coun-
terparts (cf. with Fig. 3-3), and generally followed east
to northeasterly tracks along or off the middle Atlantic
and southern New England coasts. Spiegler and Fisher
stated that the 850-hPa low center is a better guide for
forecasting snow amounts than is the sea level cyclone
center, since its path appears to be more continuous. A
review of the 850-hPa low tracks in the 30 cases, how-
ever, suggests that the movement of some of these cen-
ters may have been as discontinuous as the paths of the
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FIG. 4-18. (a)–(c) The 12-hourly evolution of the low-level jet at 850 hPa for a 24-h period during the
development of heavy snowfall. Three colors represent three consecutive times at 12-h intervals. Arrows reflect
axes of low-level jet and color gradations represent wind speeds � 20 m s�1 (at 5 m s�1 increments).
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FIG. 4-18. (Continued )

surface low pressure centers that redeveloped along the
coast. When the redeveloping surface low pressure sys-
tems intensified along the coast, the associated changes
in the lower troposphere were displayed at the 850-hPa
level as either a distinct secondary low center or as a

separate maximum of geopotential height falls. It is dif-
ficult to properly monitor the secondary development
at 850 hPa due to the 12-h interval between the oper-
ational radiosonde measurements, which cannot ade-
quately resolve the rapidly evolving 850-hPa troughs
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FIG. 4-18. (Continued )

during cyclogenesis along the coast (e.g., see Uccellini
et al. 1987). The increasing availability of numerical
model output at smaller time intervals allows an im-
proved examination of this process.

The 850-hPa charts for the 30-case sample also re-
vealed that prior to cyclogenesis, low-level northwest-
erly flow and cold-air advection usually covered the
Northeast. Such advections were weak or absent in only
six of the cases (including March 1958, both storms of
February 1969, February 1987, February 1995, and 31
March–1 April 1997). The cold-air advection occurred
to the rear of an intense 850-hPa low centered over
southeastern Canada or the adjacent offshore waters.
The northwesterly flow with strong low-level cold-air
advections drives the 0�C isotherm south of the urban
centers of the northeastern United States toward the Car-
olinas. The northwesterly flow and cold-air advections
were associated with the surface anticyclones that in-
fluenced the northeastern United States (Fig. 3-11) that
typically produce cold-air damming conditions to the
lee of the Appalachians that also establish low-level
coastal frontogenesis (see chapter 3). These lower-tro-
pospheric features were also generally located beneath
the regions of upper-level confluence within the entrance
regions of the upper-level jet streaks.

Another characteristic of the 30-case sample is the
evolution of a geopotential height minimum or low cen-

ter at 850 hPa along a preexisting isotherm gradient
extending from the central United States to the east
coast. The 850-hPa low center intensified during cyclo-
genesis. Meanwhile, the 850-hPa temperature gradients
increased and evolved into an S-shaped pattern, as the
advections of cold and warm air attending the 850-hPa
circulation increased with time. Prior to rapid cyclo-
genesis, the 0�C isotherm progressed northward toward
the middle Atlantic states and became nearly collocated
with the 850-hPa low center. During cyclogenesis, the
0�C isotherm did not progress rapidly northward despite
increasing south or southeasterly winds, implying that
cooling resulting from strong ascent may have offset
the effects of the thermal advection (Browne and Youn-
kin 1970). The sea level cyclone was often located along
the warm edge of the 850-hPa temperature gradient,
either at or upwind of the apex of the isotherm ridge.
As the cyclone continued to intensify and reach maxi-
mum intensity, the 850-hPa low frequently became near-
ly collocated with the sea level cyclone in an area where
850-hPa temperatures fell below 0�C.

4. Satellite signatures

Satellite-derived images of cloud patterns, especially
the half-hourly high-resolution visible and infrared im-
ages provided by the Geostationary Operational Envi-
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FIG. 4-19. A comparison between storm snowfall in excess of 25 cm (shaded) for 30 major snowstorms and the paths of the geopotential
height minima at 850 hPa.
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FIG. 4-20. Infrared image of the Mar 1993 Superstorm, 13 Mar 1993.

ronmental Satellite (GOES) series, help in visualizing
the evolution of cloud elements and the three-dimen-
sional airflow associated with extratropical cyclones,
which include heavy snowstorms along the Northeast
urban corridor. Meteorologists who analyze satellite
data have long recognized that the ‘‘comma cloud’’-
shaped pattern (i.e., Fig. 4-20) is a signature of these
storms (e.g., see Boucher and Newcomb 1962; Leese
1962; Widger 1964; Weldon 1979; Carlson 1980;
Browning 1990; Carlson 1991; Evans et al. 1994). Later
studies (i.e., Browning 1990; Carlson 1991; Evans et
al. 1994) have begun to categorize cloud patterns in
satellite images to some of the dynamical patterns that
give rise to cyclogenesis.

Browning (1990) describes three classes of cloud el-
ements that define cyclone development that evolve into
comma-shaped features in the satellite imagery: 1) com-
ma cloud development without the presence of a ‘‘polar
front’’ cloud band; 2) ‘‘instant occlusions,’’ in which
an organizing cloud cluster merges with a polar front
cloud band to produce a comma-cloud-shaped structure;
and 3) the frontal wave cyclone that evolves from only
the polar front cloud band in which an upper-level dis-
turbance overlies the cloud band. Evans et al. (1994)

extend the work of Browning and others by utilizing
satellite imagery to categorize explosively developing
cyclones into four distinct types: 1) emerging cloud
head, 2) comma cloud, 3) left exit, and 4) instant oc-
clusions. In their study, Evans et al. (1994) have ex-
amined four of the cases described here and ascribe the
evolution of these cases to the categories of ‘‘emerging
cloud head’’ or ‘‘left exit.’’ The emerging cloud head
is a category ascribed to the cases of January 1978 and
February 1983 and is characterized by ‘‘two meridio-
nally separated jet streams,’’ a signature common to
many of the storms examined. The emergence of the
comma head occurs as the upper trough tends toward a
diffluent orientation with a positive to negative tilt and
the upper-level jet streak approaches the base of the
upper-level trough and rapid surface deepening occurs
within the exit region of the jet streak. The evolution
of the cloud features associated with the March 1993
Superstorm reflects this type of cloud evolution (Fig. 4-
21) with the letter A showing the development of the
‘‘comma head.’’ This evolution appears to be similar to
the frontal wave cyclone sequence described by Brown-
ing (1990).

‘‘Left exit’’ is a category ascribed to the cases of
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FIG. 4-21. Emergence of ‘‘comma head’’ (Evans et al. 1994) during
the Mar 1993 Superstorm. Infrared images are at approximate 12-h
intervals on 12–13 Mar 1993.

February 1978 and February 1979 in which there are
two separate cloud features, one a ‘‘baroclinic leaf’’
cloud (Weldon 1979) poleward of a second, main polar
front cloud band, roughly parallel to each other, that
later merge (Evans et al. 1994). The evolution of the
cloud features associated with the February 1979 Pres-
idents’ Day Storm illustrates this type of cloud evolution
(Fig. 4-22) with the letters A and B representing the
two merging cloud features. The surface low develops
near the intersection of the merger of the southwestern
edge of the leaf with the polar front cloud band, with
the leaf taking on a comma-cloud shape. This category
is similar to the ‘‘instant occlusion’’ signature described
by Browning (1990) since it involves the merger of two
separate cloud features but differs from the instant oc-
clusion category in Evans et al. (1994) because the up-
stream cloud feature resembles a leaf cloud rather than
a cluster of convective clouds. The difference between
the left exit and instant occlusion categories may lie in
the observation of whether the cloud merger occurs
within a confluent synoptic pattern (instant occlusion)
with rapid cyclogenesis occurring in the entrance region
of a jet streak, or a diffluent pattern (exit region) with
rapid cyclogenesis occurring within the exit region of
a jet streak as was described for many of the cases.

An approach to describing midlatitude cyclones that
relates the signatures apparent in satellite imagery to
the relative airflow that interacts throughout cyclonic
systems is described by Carlson (1980, 1991) and
Browning (1990). This approach is based on trajectory
analyses on constant potential temperature, or isentro-
pic, surfaces in dry regions and on wet-bulb potential
temperature surfaces in saturated regions (Eliassen and
Kleinschmidt 1957; Green et al. 1966; Browning and
Harrold 1969; Browning 1971) that identify various air-
streams associated with cyclones: the warm conveyor
belt, the cold conveyor belt, and the dry airstream. A
schematic diagram that illustrates the primary compo-
nents of Carlson’s (1980) model in relation to a hypo-
thetical heavy snow situation in the Northeast is shown
in Fig. 4-23. Evans et al. (1994) suggest that this con-
veyor belt model is most appropriate for the mature
stage of the third class of cyclone development de-
scribed by Browning (1990): the frontal wave cyclone.

The warm conveyor belt (Harrold 1973; Browning
1986) is a stream of air that originates in the warm sector
of a cyclone that forms along a major confluent zone
and ascends as it moves northward, achieving saturation
near the warm front. It then turns anticyclonically and
joins the upper-level westerly flow north of the sea level
cyclone (see Fig. 4-23). In its developing stages, this
belt has been described as a baroclinic leaf cloud, which
is often a precursor of cyclonic development when there
may be no identifiable surface cyclone (Browning
1990). While isobaric charts are incapable of capturing
the substantial vertical displacements that characterize
the warm conveyor belt and the other airstreams, the
warm conveyor belt may be represented on the surface
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FIG. 4-22. Example of ‘‘left exit’’ (Evans et al. 1994) development
of a comma cloud in which two separate cloud features merge, during
the Presidents’ Day Storm of Feb 1979. Infrared images are from 18
to 19 Feb 1979.

charts by the southerly flow ahead of the surface cold
front, and on the upper-level charts (i.e., the 500-, 300-,
and 200-hPa analyses) by the southwesterly flow down-
wind of the trough axis. The warm conveyor belt typ-

ically forms the comma ‘‘tail’’ and may be bounded by
a distinct anticyclonically curved shield of cold upper-
level cirrus clouds and a relative-wind jet stream
(Browning 1990) as the airstream ascends and veers
with height [see Carlson (1980), Browning (1990), and
the model diagnostic study by Whitaker et al. (1988)].

The cold conveyor belt (Carlson 1980) may be an
especially significant component of snowstorms that af-
fect the Northeast coast. It originates within the anti-
cyclonic flow around the surface high pressure cell
poised to the north of the developing storm system. The
air within this stream moves westward within the ocean-
influenced boundary layer, toward and to the north of
the surface low. This airstream then ascends the steeply
sloped isentropic surfaces associated with the upper-
level trough–jet system approaching the East Coast (Fig.
4-23), with a portion of the airstream circulating around
the surface low. If air parcels ascend to a high enough
level, the cold conveyor belt may also turn sharply to
the north or northeast as it rises (Carlson 1980; Brown-
ing 1990). The model-based trajectories shown by Whi-
taker et al. (1988, their Fig. 18, parcel 5) provide evi-
dence for this characteristic. The cold conveyor belt is
viewed on the operational charts as the surface flow
around the southern periphery of the shallow, cold an-
ticyclone north of the warm front, and the easterly flow
north of the 850-hPa low center, possibly taking the
form of a low-level jet. Saturation in the cold conveyor
belt results from precipitation falling into it from above
as it passes beneath the warm conveyor belt, moisture
fluxes from the ocean surface, and the rapid ascent of
the airstream as it passes to the north of the developing
cyclone center. The cold conveyor belt produces an up-
per-level cirriform cloud deck that forms the distinctive
comma ‘‘head’’ north of the sea level cyclone, which
generally expands westward or northwestward with
time.

The cold conveyor belt is quite important since heavy
snowfall is located beneath the expanding comma-head
cloud mass. Heavy snowfall rates were observed near
the transition between the high cloud tops that mark the
comma head and the more shallow clouds immediately
to its south and southwest (see examples in Fig. 4-24).
Similar relationships between the location of heavy
snowfall and the distribution and height of the clouds,
as inferred from satellite imagery, have been reported
by Carlson (1980), Uccellini et al. (1984), Bosart and
Sanders (1986), Beckman (1987), and others. No pre-
cipitation was reaching the earth’s surface under a sig-
nificant portion of the cirrus cloud deck that made up
the comma head, especially poleward of the highest
clouds depicted by the enhancement in the infrared im-
agery. These nonprecipitating cloud elements suggest
that a relatively thin layer of high clouds was produced
by the ascent of the airstream and was then advected
northeastward with the upper-level flow.

The dry airstream contains dry air that originates in
the lower stratosphere west of the trough axis and de-
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FIG. 4-23. Schematic representation of airflow through a Northeast snowstorm, including the cold conveyor belt, the warm conveyor belt,
the dry airstream (see Carlson 1980); surface fronts; sea level cyclone and anticyclone centers; and low- and upper-level streamlines.

scends along an upper-level jet streak toward the de-
veloping surface cyclone. Many investigators (Eliassen
and Kleinschmidt 1957; Danielsen 1966; Uccellini et
al. 1985; Hoskins et al. 1985; Whitaker et al. 1988)
have linked the descent of stratospheric air to the evo-
lution of a potential vorticity maximum upstream of the
incipient cyclone, a situation that is conducive to cy-
clogenesis. The descending airstream splits into two
branches. One branch descends anticyclonically toward
the lower troposphere behind the surface cold front. The
other descends initially upstream of the trough axis, then
crosses the trough axis, and rises roughly parallel to the

western edge of the warm conveyor belt (see Fig. 4-
23). This intrusion of dry air is relatively cloud free and
helps to shape the comma cloud (e.g., see the dark blue
area along the coast from the Carolinas northward to
Delaware and immediately offshore between the comma
head and tail in the infrared image for the March 1993
Superstorm in Fig. 4-20). The interaction of the dry
airstream and the moisture-laden warm and cold con-
veyor belts is largely responsible for the asymmetric
cloud distribution that marks these storms. The surface
low is generally located along the boundary between
the dry airstream approaching from the west and the
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FIG. 4-24. Infrared satellite images representing the occurrence of
moderate to heavy snows along the transition between lower and
higher cloud features: (top) 1900 UTC 6 Feb 1978, (middle) 1900
UTC 11 Feb 1983, and (bottom) 0100 UTC 8 Jan 1996.

FIG. 4-25. Applications Technology Satellite (ATS-III) and GOES
visible imagery of eye-like cloud features associated with three North-
east snowstorms.

moist warm and cold conveyor belts approaching from
the south and east, a point emphasized in the review on
rapid cyclogenesis by Uccellini (1990).

Modifications to the conveyor belt model have been
provided by Martin (1999) and other studies (e.g., Mass
and Schultz 1993; Schultz and Mass 1993; Reed et al.
1994; Schultz 2001) that suggest that the model can be
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more complicated. For example, the comma head, often
the site where the heaviest snows fall, can occur from
warm sector air (Shultz 2001) originating within the
warm conveyor belt region and not necessarily from
ascent of the cold conveyor belt as described by Carlson
(1980) and others.

In the later stages of cyclone development, when the
systems have moved out over the Atlantic Ocean, sat-
ellite images often reveal the formation of an ‘‘eye’’-
like cloud-free region near the storm centers, somewhat
similar to that observed in tropical cyclones [also de-
scribed by Sanders and Gyakum (1980), Bosart (1981),
and Uccellini et al. (1985)]. Visible satellite imagery
from the February 1969 ‘‘Lindsay Storm’’ and the snow-
storms of February 1978 and February 1979 (Fig. 4-

25) illustrate the appearance of this feature during or
toward the end of each cyclone’s rapid development
phase. An examination of the satellite imagery for cases
exhibiting the eye-like feature indicates that the height
distribution of the clouds that surround the centers is
asymmetric. Deeper clouds were observed to the north,
with relatively shallow clouds south of and immediately
surrounding the storm center reflecting the downward
intrusion of stratospheric air southwest and over the
cyclone center. Although convective elements may have
been present, the asymmetric cloud height distribution
does not resemble the deep convective cloud patterns
that typically surround the centers of mature, intense
tropical cyclones.
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New York City in 1893 (photo by Alfred Stieglitz,
Library of Congress).
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The Flatiron Building, New York City, Jan 1905 (photo courtesy of Library of Congress).
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Times Square, New York City, 19 Dec 1948 (courtesy of the
Bettmann archive).
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Abandoned cars in Woburn, Massachusetts, 10 Feb 1969 (photo from Weatherwise, American Meteorological Society, 1969, p. 230).
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Clockwise (from top left): Queensberry Street, Boston, Massachusetts, Blizzard of 1978 (photo courtesy of Eric Pence, penceland.com);
a Back Bay sidewalk after shoveling, Boston, Massachusetts, Blizzard of 1978 (photo courtesy of Eric Pence, penceland.com); looking east
on Boylston Street, Boston, Massachusetts, Blizzard of 1978 (photo courtesy of Eric Pence, penceland.com).
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The Long Island Expressway, 11 Feb 1983 (photo reprinted courtesy of Newsday).
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Dupont Circle, Washington, DC, following the Blizzard of Jan 1996 (photo by Hiram Ruiz).

Street scene in Baltimore, Maryland, following the
snowstorm of 25 Jan 2000 (photo courtesy of Bill
Swartwout and SouthBaltimore.com).
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Waves lash the seawall in Hull, Massachusetts, 7 Mar 2001 (copyright Reuters/Corbis).
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True color image of snowcover following record Feb 2003 snowstorm taken by the Moderate Resolution Imaging Spectroradiometer
(MODIS) aboard NASA’s Terra satellite (image courtesy of Jacques Descloitres, MODIS Land Rapid Response Team at NASA Goddard
Space Flight Center, Greenbelt, MD).
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Street scene in Baltimore, Maryland, following the record-breaking snowstorm of Feb 2003 (photo courtesy of Bill Swartwout and
SouthBaltimore.com).
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Skiers at Radio City Music Hall, Feb 2003 (courtesy of Rob Gardiner, www.nyclondon.com).
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Chapter 5

‘‘NEAR MISS’’ EVENTS IN THE URBAN CORRIDOR

The review and analyses of 30 snowstorms in the
previous two chapters indicate that these storms are
relatively rare events. Although the East Coast is the
site of intense cyclogenesis during the winter months,
cold air must be present, entrenched, or reinforced dur-
ing the storm in order for precipitation to fall as snow
rather than rain in the Northeast urban corridor. Fur-
thermore, precipitation must persist for periods of 12
h or greater to allow snowfall amounts to reach 10 in.
(25 cm) or greater. In many coastal storms, precipi-
tation is more than likely to fall as rain or mixed pre-
cipitation rather than snow, especially south of New
York City toward Washington, D.C. Even during those
events in which cold surface air is sufficient for frozen
precipitation, it is rare that precipitation will fall com-
pletely as snow, and will often fall as a combination
of snow, ice pellets, freezing rain, and rain in the urban
areas.

In this chapter, the subtle differences that distinguish
the relatively rare heavy snowstorm from the ‘‘near
miss’’ event are identified. By near miss, we are refer-
ring to three situations in which heavy snow is, from a
forecasting perspective, a possible outcome in the
Northeast urban corridor. However, the heavy snow
event does not materialize because either 1) a major
cyclone develops but the heavy snowband forms too far
inland, and snow changes to rain or other frozen pre-
cipitation in the urban corridor, significantly reducing
snowfall amounts; 2) moderate snowfall amounts, gen-
erally 10 in. (25 cm) or less occur, instead of heavy
snow; or 3) heavy precipitation falls as freezing rain or
ice pellets (sleet), rather than heavy snow.

It is our experience that there are no simple rules that
govern the differences between the ‘‘hits’’ and the near
misses, and that each forecasting situation must be as-
sessed through a careful diagnosis of the observations,
model output, and experience. However, there are often
several atmospheric signatures that distinguish between
conditions in which a major snowfall is more likely to
occur, and conditions that favor either a changeover to
rain, freezing rain, or ice pellets or lesser snowfall
amounts. Even though numerical models have improved
in delineating precipitation type, these situations often
pose the greatest challenges to operational meteorolo-
gists who predict winter weather for the eastern United
States.

1. Precipitation changeovers within major
Northeast snowstorms

A significant number of the 30 heavy snow cases
described in the previous two chapters were accompa-
nied by a changeover from snow to rain, freezing rain,
or ice pellets (see Fig. 3-6), which acted to reduce the
total snowfall in some portion of the Northeast urban
corridor (some of the more notable cases include the
storms of January 1966, December 1969, February
1972, January 1978, 22 January 1987, the March 1993
‘‘Superstorm,’’ and February 1995). In order to identify
any features within major Northeast snowstorms that
favored a changeover from snow to rain, freezing rain,
or sleet, surface and upper-level features for these seven
cases were compared to eight other cases (the storms
of December 1960, January 1961, January 1964, Feb-
ruary 1967, February 1978, February 1979, February
1983 and 26 January 1987) in which precipitation re-
mained primarily as snow.

A comparison of the paths of the surface low pressure
center in the seven changeover cases versus the eight
all-snow cases (Fig. 5-1) indicates that the surface low
pressure centers in the changeover cases took a path
closer to the East Coast, or actually passed inland, than
in the cases in which precipitation remained as all snow.
The main difference between the two sets of cases is
that the surface low pressure centers associated with the
changeover cases took a more northerly route once they
reached the Carolina coastline, while the surface low
pressure centers in the all-snow ensemble moved more
toward the east-northeast and remained offshore. As a
result, many of the surface low pressure centers in the
changeover cases passed near or over the Delaware–
Maryland–Virginia (Delmarva) peninsula. This move-
ment toward the north, rather than to the northeast, fa-
vored warmer air penetrating the coastline, enhancing
the likelihood of a change from snow to rain or mixed
precipitation in the Northeast urban corridor.

Anticyclone positions were also compared for sys-
tematic differences (Fig. 5-2). As noted in chapter 3,
the location and movement of anticyclone centers during
major Northeast snowstorms tended to group into two
categories. The first category included anticyclones that
passed eastward across Ontario and Quebec. The second
category included anticyclones over south-central Can-
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FIG. 5-1. Paths of selected surface low pressure centers derived from the heavy snow sample discussed in
chapters 3 and 4 for (top) all-snow cases—eight cases in which much of the precipitation within the Northeast
urban corridor fell mainly as snow (10–13 Dec 1960, 18–21 Jan 1961, 11–14 Jan 1964, 5-7 Feb 1967, 5-7
Feb 1978, 18–20 Feb 1979, 10–12 Feb 1983, and 25-27 Jan 1987), and (bottom) changeover cases—seven
cases in which the precipitation fell as heavy snow changing to rain within portions of the Northeast urban
corridor (29–31 Jan 1966, 25-28 Dec 1969, 18–20 Feb 1972, 19–21 Jan 1978, 21–23 Jan 1987, 13–14 Mar
1993, and 3–4 Feb 1995).
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FIG. 5-2. Composite positions of anticyclones for (top) all-snow
cases and (bottom) changeover cases, for the same cases shown in
Fig. 5-1. Positions (blue circles) were selected at times when the
surface cyclone (red L) was moving northeastward along the East
Coast.

ada that were associated with a secondary surface ridge
or high pressure cell extending eastward into Ontario
and Quebec. These two categories are reflected in the
locations of anticyclone centers in the all-snow cases
shown in Fig. 5-2 (top). The anticyclone centers are
located either over south-central Canada, Quebec, or
New York. However, for the changeover cases, there is
a significant shift of the surface high pressure centers
farther east (Fig. 5-2, bottom). The surface high pressure
centers are located over southeastern Quebec, near
Maine, the Canadian Maritime Provinces, or over the
western Atlantic Ocean. The eastward shift of the sur-
face anticyclone allows a longer portion of the cold,
low-level airflow that reaches the Northeast urban cor-
ridor to pass over and become modified by the mild

waters of the western North Atlantic Ocean, a critical
mechanism to change precipitation from snow to rain
near the coast.

The upper levels for the all-snow and changeover
cases are contrasted in Figs. 5-3 and 5-4. The 500-hPa
trough–ridge systems of both all-snow and changeover
events involve amplifying troughs characterized by in-
creasing amplitudes, decreasing wavelengths, and the
evolution toward a negatively tilted closed low. How-
ever, the changeover cases appear to have a larger am-
plitude–smaller half-wavelength configuration than the
all-snow cases. Three examples of each are shown in
Fig. 5-3. In the changeover cases, there is evidence of
a more amplified upper-trough–ridge system. The sig-
nificance of a deeper trough and more highly amplified
downstream ridge over the western Atlantic Ocean for
the changeover cases may indicate that as a trough be-
comes more highly amplified, the downstream ridge will
build due to increased warming east of the trough axis,
a process that is marked by warmer air penetrating far-
ther north and west at the 850-hPa level.

Upper-level confluence over southeastern Canada and
the northeastern United States is another characteristic
of the 30 major urban corridor snowstorms. The asso-
ciations between upper-level confluence, upper-level jet
streaks, and the evolution of the cold surface anticy-
clones were made in chapter 4 and are explored in more
depth in chapter 7. The orientation and location of the
surface high pressure systems are important factors for
maintaining cold, low-level air in the urban corridor for
precipitation to remain as snow and the maintenance of
upper-level confluence and its associated jet streaks in
the northeast United States are critical to how the surface
anticyclone evolves. Upper-level confluence is observed
in the seven cases of major Northeast snowstorms char-
acterized by snow changing to rain. However, the pattern
of confluence is either short lived or not nearly as pro-
nounced as in the all-snow cases. This is demonstrated
in Fig. 5-4 where the all-snow cases of the January 1964,
February 1967, and February 1983 storms are contrasted
with three changeover cases, including December 1969,
February 1972, and February 1995.

In general, the maintenance of upper-level confluent
flow is lacking in the changeover cases. Furthermore,
there is no strong cutoff upper low over eastern Canada
in the changeover cases, a feature that is typically as-
sociated with a region of confluence that is often as-
sociated with major snowstorms. The lack of persistence
in the confluence aloft for the changeover cases and the
building ridge over the northeast United States during
the snow event is consistent with the shift of the surface
high pressure to the east as illustrated in Fig. 5-3. All
these factors combine to erode the low-level cold air
along the coast to the point where snow either mixes
with or changes to ice and rain during some portion of
the storm.

These differences in synoptic-scale surface and upper-
level features among the 30 cases appear to be crucial
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FIG. 5-3. Comparison of upper-level trough evolution for three selected ‘‘all-snow’’ and three selected ‘‘changeover’’ cases. Each case
includes successive 12-h upper-level (500-hPa heights and 400-hPa winds; yellow and orange shading represent absolute vorticity (greater
than 16 � 10�5 s�1; at 4 � 10�5 s�1 increments), and isotachs of maximum wind speeds observed at 400 hPa (alternating shading represents
5 m s�1 increments of wind speed starting with 40 m s�1) and surface frontal analyses (isobars, solid; shading, precipitation). Red box
focuses on evolution of the 500-hPa trough.
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FIG. 5-4. Comparison of 500-hPa confluence and 400-hPa winds between three selected all-snow and three changeover cases. See Fig. 5-3
for details. Red box focuses on 500-hPa confluence.

in differentiating a crippling snowstorm from a poten-
tially less significant event and indicate that there are
many elements that must come together to produce a
heavy snow event for the urban corridor. When these
factors do not come together, the cities of the Northeast
are more likely to experience a ‘‘changeover’’ during
the snowstorm or a ‘‘near miss’’ rather than a memorable
heavy snow event. The next three sections explore some
of the conditions that preclude major heavy snow events
in the Northeast urban corridor. These conditions are
categorized as interior snowstorms, moderate snow-
storms, and ice and sleet storms.

2. Interior snowstorms

Fifteen ‘‘interior snowstorms’’ are contrasted with the
30 heavy snow events. These cases are selected because
all had the potential to produce heavy snow in the urban

corridor (forecasts appearing in local newspaper reports
from Washington to Boston indicated that heavy snow
was a potential threat prior to many of these storms),
but were marked instead by the heaviest snow band
developing farther north and west across interior por-
tions of the middle Atlantic states and New England.
In each case, there was a significant synoptic-scale band
of snowfall exceeding 10 in. (25 cm), and, often, there
were reports of accumulations of 20 in. (50 cm) or great-
er (Fig. 5-5). The heaviest snows are generally located
several hundred kilometers farther inland or farther
north than the 30 cases shown in Fig. 3-2, with the major
metropolitan areas experiencing more rain than snow.
(See Table 5-1 for snowfall amounts.)

Some of the these events are historic storms in their
own right, including 1) the 5–7 March 1962 ‘‘Ash
Wednesday’’ storm, responsible for some of the most
extensive coastal erosion observed during the 20th cen-
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FIG. 5-5. Storm snowfall in excess of 10 in. (25 cm) (blue, �25 cm; green, �50 cm; red, �75 cm) for
selected interior snowstorms between 1950 and 2000.
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TABLE 5-1. Snowfall amounts (in.) at Boston, MA (Bos); New York
City/Central Park, NY (NYC); Philadelphia, PA (Phi); Baltimore, MD
(Bal); and Washington, D.C. (DC) for selected ‘‘interior snow-
storms.’’

Date Bos NYC Phil Bal DC

17–18 Feb 1952
16–17 Mar 1956
12–13 Mar 1959
13–15 Feb 1960
5–7 Mar 1962

18–20 Feb 1964
22–23 Jan 1966
3–5 Mar 1971

24–25 Nov 1971
16–18 Jan 1978
28–29 Mar 1984
1–2 Jan 1987

11–12 Dec 1992
2–4 Jan 1994
2–4 Mar 1994

3
7
6
0
0

10
9
2
0
3
9
4
9
9
8

1
5
5
1
1
7
2
2
0
2
3
1
1
1
5

0
1
1
1
7
2
4
4
0
4
1
1
0
1
4

0
1
1
8

13
6
2
2
1
2
0
0
2
0
3

0
0
0
6
4
0
0
0
0
1
0
0
1
1
3

tury and record-setting snow in Virginia and West Vir-
ginia; 2) a powerful nor’easter on 3–4 March 1971 that
established low pressure records in New England (Boyle
and Bosart 1986); 3) a storm on 28–29 March 1984 that
was also responsible for a violent tornado outbreak in
North Carolina (Gyakum and Barker 1988; Rozumalski
et al. 1998); and 4) a coastal storm on 11–12 December
1992 responsible for severe coastal flooding in New
Jersey and New York and record-setting snows in por-
tions of the Appalachian, Catskills, and Berkshire
Mountains. These and several other ‘‘interior’’ snow-
storms are described in more depth in volume II, chapter
11.

a. Surface features

The individual paths of the surface low pressure cen-
ters for 15 interior snowstorms are shown in Fig. 5-6
and summarized in Fig. 5-7. Eleven of 15 cases exhibit
a cyclone evolution that is similar to that characterized
as the ‘‘Gulf of Mexico–Atlantic coast’’ evolution (see
chapter 3). Most of these storms are the typical
nor’easter in which the surface cyclones developed
along either the Gulf coast, Gulf of Mexico, or southeast
United States coasts, and then moved northeastward
along the east coast. Only 4 of 15 cases are characterized
by a secondary cyclone, or ‘‘Atlantic coastal redevel-
opment’’ evolution (see chapter 3). These cases are char-
acterized by a primary cyclone that moved northeast-
ward toward the Appalachians, followed by a secondary
cyclone developing along and propagating northeast-
ward along the East Coast.

Twelve of the 15 cases (80%) followed a path that
took the low center over the Delmarva Peninsula, sim-
ilar to the changeover cases shown at the bottom of Fig.
5-2, while only 6 of the 30 heavy snow cases (20%;
Fig. 3-3) had similar tracks. The large percentage of
cases in which the surface low moves near the Carolinas

coastline, or slightly inland, and then crosses the Del-
marva Peninsula (Fig. 5-7, top) is highly suggestive that
this path is common for severe coastal storms marked
by snow changing to rain in portions of the Northeast
urban corridor, with heavy snows falling over interior
locations.

Surface cyclonic deepening rates for the 15 interior
storms are also compared to the 30-case heavy snow
sample. Twenty-six of 30 major snowstorm cases (87%)
exhibited maximum deepening rates of at least �12 hPa
12 h�1 (see chapter 3). Meanwhile, only 8 of the 15
interior cases (53%) exhibited similar rates, indicating
that rapid sea level cyclonic development was common,
but not as common, for the interior cases as for the
major urban snowstorms. In addition, only 3 of the 15
cases (20%) exhibited maximum pressure falls exceed-
ing 10 hPa 6 h�1, the criterion used to select explosive
cyclogenesis during the Experiment on Rapidly Inten-
sifying Cyclones over the Atlantic (ERICA; Hadlock
and Kreitzberg 1988), while 18 of 30 major snow cases
(60%) exhibited similar rates. It appears that the interior
snowstorms are characterized by surface cyclones that
are less likely to deepen explosively, although some of
the storms in the sample obviously did (such as the
storms of 15-17 March 1956 and 3–4 March 1971).
Perhaps the tendency of these cyclones to deepen along
the coastline or slightly inland, rather than offshore,
contributes to reduced deepening rates for this sample.
With a portion of the cyclone over land, the contribu-
tions of oceanic latent and sensible heat flux near the
center of the cyclone are apparently diminished.

Characteristics of anticyclones associated with the 15
interior snowstorms were also examined. The positions
of the surface anticyclones with respect to the surface
low pressure centers along the middle Atlantic coast
(Fig. 5-7, bottom) point to a number of distinct char-
acteristics for the ‘‘interior’’ snowstorm sample. The
first is the clustering of a portion of the surface high
pressure centers over the Maritime Provinces of Canada.
This sample is similar to the snow changeover sample
of major snowstorms (Fig. 5-2, bottom). The eastward
locations of these anticyclones result in a more easterly
or southeasterly (rather than north or northeasterly) flow
over the urban corridor, forcing warmer air near the
coastline.

A second characteristic of interior snowstorm anti-
cyclones is a clustering of anticyclones over north-cen-
tral Canada, fairly far removed from the northeastern
United States and significantly farther north than the
locations of the surface anticyclones for the all-snow
cases (Fig. 5-2). [This configuration is observed in the
cases of March 1962 (a 1064-hPa anticyclone), February
1964, January 1966, March 1971, and March 1984.]
This characteristic is also observed, but only in a few
of the 30 heavy snow cases (including March 1958,
January 1966, and late February 1969, which were also
cases in which snow changed to rain in some portion
of the Northeast urban corridor). The analyses suggest
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FIG. 5-6. Paths of surface low pressure centers (solid, colors) for all 15 interior snowstorms. Symbols along path represent
12-hourly positions and numerical values are the sea level central pressures (hPa) at 12-hourly intervals.
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FIG. 5-7. (top) Composite tracks of surface low pressure systems for the interior
snowstorms. (bottom) Composite positions of anticyclones associated with interior
snowstorms; positions selected at times when the surface cyclone was moving north-
eastward along the East Coast.

that the surface high pressure systems are so far removed
from the Northeast urban corridor that they cannot sus-
tain the transport of cold air into the area needed for
snowfall.

b. Upper-level features

The upper-level troughs that generate the interior
snow events have distinct characteristics that can be
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FIG. 5-8. Upper-level trough evolution for three selected interior
snowstorms. See Fig. 5-3 for comparison with three all-snow cases
and details.

contrasted with the urban corridor snow events. The
comparison of the all-snow and interior snowstorms
shown in Fig. 5-8 illustrates that for the interior snow-
storms 1) the wavelength of the trough–ridge pattern
tends to be longer, 2) a ridge axis along the East Coast
extends well into southeastern Canada as the surface
low develops along the coast, 3) the trough is deeper,
and 4) the trough supporting the surface low develop-
ment immediately along the coast appears to become
negatively tilted farther south and west than in the all-
snow cases.

A comparison of the tracks of the 500-hPa vorticity
maxima for 30 major snowstorms (Fig. 4-8) with the
15 interior snowstorms (Fig. 5-9) indicates the tendency
for the vorticity maxima associated with the upper
troughs to have a trajectory that is farther south and
west than the major snowstorms (cf. the confluence of
trajectories in red in Fig 4-8 with those in Fig. 5-9).
The vorticity maxima reach the southern United States
and then curve northeastward along the east coast. This
is consistent with the trough–ridge characteristics noted
above and the observations that the surface lows as-

sociated with interior storms track closer to the coastline
than those with the heavy snow events.

Another characteristic of the interior snowstorms is
either the dissipation or rapid northeastward progression
of upper-level confluence over the Northeast during the
event. Four examples of interior snowstorms are shown
in Fig. 5-10 to illustrate the lack of a strong confluent
upper-flow pattern during the evolution of many of these
storms. (These examples are a typical subsample of the
interior snowstorms that are all summarized in volume
II, chapter 11.) Nearly all cases exhibit either an east-
ward or northeastward progression of the confluence, a
weakening of the confluence, or a lack of confluence
entirely. Therefore, a significant difference between the
interior snowstorms and the coastal snowstorms is that
the pattern of upper-level confluence in southeastern
Canada or the northeastern United States is weaker or
absent in the majority of the interior cases, while prev-
alent in the heavy snow cases. Without the confluent
upper-level pattern, surface anticyclones progress east-
ward across eastern Canada to a location farther east
over the nearby Atlantic Ocean. The eastward move-
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FIG. 5-9. Composite of 500-hPa vorticity maxima for all interior
cases. Shaded area represents the location and axis of where the
maxima tend to converge.

ment and dissipation of the upper confluence is consis-
tent with the eastward progression of surface anticy-
clones out over the North Atlantic, resulting in low-
level warming and the greater likelihood for a snow
changing to rain event within the urban corridor.

Further support for the low-level warming along the
coastal zone associated with interior snowstorms is pro-
vided by comparing the tracks of the 850-hPa low cen-
ters for the interior snowstorms (Fig. 5-11) with the
heavy snow cases. The majority of 850-hPa lows track
northeastward from Virginia to eastern New England,
keeping the urban corridor close to or within the warmer
lower-tropospheric air as the heaviest snow falls 100–
300 km to the left of the 850-hPa path. Therefore, for
the interior snow cases, as the 500-hPa troughs become
negatively tilted and the ridge builds into the north-
eastern United States, the 850-hPa low centers track
slightly west and north of their heavy snow counterparts
and the surface low moves closer to the coastline, where
snow is more likely to change to rain.

c. Summary of differences between major snowstorms
and interior snowstorms

A schematic (Fig. 5-12) summarizes the differences
between a major Northeast snowstorm and an interior
snowstorm, relating the evolution of the surface low,
surface high, upper trough, and downstream ridge in
association with upper confluent flow over the north-
eastern United States. With the larger amplification and
negative tilt of the upper troughs to the south and west
of their heavy snow counterparts, interior snowstorms
exhibit a more pronounced downstream ridge along the
East Coast and western Atlantic. The building ridge over

the western Atlantic indicates that warmer air is forced
toward the coastline, especially if the upper trough at-
tains a negative tilt prior to reaching the Atlantic coast.
As the ridge builds, the upper confluence is forced north-
ward and eastward, or diminishes, allowing the cold
surface anticyclone to be displaced farther north and/or
drift eastward and weaken. The net result is that warmer
air at low levels overspreads the coastal zone of the
Northeast. The erosion of the confluence over the north-
east United States and southeastern Canada, in combi-
nation with the more inland track of the east coast cy-
clone, forces easterly low-level flow throughout the
northeast urban corridor, with rain along the immediate
coastline and snow falling either farther inland or at
higher elevations as the low-level cold air erodes. A
comparison of the interior and major snowstorms also
shows the following:

1) In major urban snowstorms, the surface cyclone
passes immediately offshore east of the middle At-
lantic coast and south of southern New England
(Figs. 3-3 and 3-4). With the interior snowstorms, a
changeover to rain or ice pellets occurs as the surface
low often takes a path near the coast of the Carolinas
and the Delmarva Peninsula, or slightly inland.

2) In major urban snowstorms the surface highs tend
to cluster immediately to the north and northwest of
New York and New England (i.e., Figs. 3-13 and 3-
14). In the case of interior snowstorms, the anticy-
clones are either located too far north or east, allow-
ing maritime air to change snow to rain. In some
instances, the difference in the location of an anti-
cyclone over Nova Scotia versus Quebec can be a
crucial difference between snow or rain in the North-
east urban corridor.

3) Prior to major urban snowstorms, upper confluence
is often pronounced and is found downstream of a
significant trough, often a closed low, over eastern
Canada. With interior snowstorms, the upper con-
fluent flow either does not exist or progresses rapidly
eastward or northeastward off the coast of eastern
Canada as the ridge builds into the northeast United
States dominating the circulation regime.

4) While major snowstorms in the Northeast urban cor-
ridor and interior snowstorms can both be associated
with negatively tilted upper troughs, the interior
snowstorms are marked by troughs that become neg-
atively tilted farther south and west, as the down-
stream ridge builds into New England and south-
eastern Canada.

3. Moderate snowstorms

The second category of near-miss events consists of
snowstorms that also produce widespread snowfall
across the Northeast urban corridor. However, snow
amounts of 10–20 in. (25-50 cm) or greater are not
nearly as widespread as the 30-case heavy snow sample
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FIG. 5-10. Examples of 500-hPa confluence and 400-hPa jet signatures for selected interior
snowstorms. See Fig. 5-3 for details. Red box focuses on regions of 500-hPa confluence.

described in chapters 3 and 4. Fifteen examples of
‘‘moderate’’ snowstorms are selected (Fig. 5-13) and
discussed to help contrast the major and moderate snow
events (these cases are also shown in more detail in
volume II, chapter 11). Snowfall amounts are typically
in the 4–10-in. (10–25 cm) range within the Northeast
urban corridor, with some local or isolated amounts ap-
proaching or exceeding 10–20 in. (25-50 cm; see Table
5-2).

These more moderate snowstorms share several char-
acteristics with the major events. Some of the differ-
ences between these events are contrasted to help dis-
tinguish conditions that may favor more moderate snow-
fall over a heavy snowfall. Again, there are no simple
rules that can be applied to every case but there are a
range of signatures, some distinct and others that are
subtle, that separate the major snowstorms from these
moderate events.

a. Surface features

All 15 moderate snow events selected for review in-
volve widespread snowfall and are associated with cy-
clonic development. The paths and central pressures of
the surface low pressure centers are shown in Fig. 5-

14. The paths are similar to those of the heavy snow
sample (Fig. 3-3) with 10 cases involving secondary
cyclone development while only 5 exhibit characteris-
tics more similar to the Gulf of Mexico–Atlantic coast
category (see chapter 3).

The maximum deepening rate for the moderate events
is generally less than that observed for the heavy snow
cases. Deepening rates for only 8 of the 15 moderate
cases (53%) exceeded �12 hPa 12 h�1 (compared to 26
of the 30 heavy snow cases; 87%). Furthermore, none
of the moderate events exhibited deepening rates ex-
ceeding �16 hPa 12 h�1 (compared to 11 major snow
events). In the heavy snow sample, 60% exhibited pres-
sure falls exceeding 10 hPa 6 h�1 while none of the
moderate cases exhibited similar rates. Therefore, all of
the moderate snowstorms are characterized by cyclonic
development, but the development does not exhibit a
rapid or an explosive development phase, which mark
the heavy snow cases.

The presence of a cold Canadian surface anticyclone
within the confluent entrance region of an upper- level
jet streak is, however, a fairly common element in many
of the moderate snowstorms. This characteristic is sim-
ilar to the 30-case heavy snow sample. Of the 15 cases,
11 were associated with cold surface anticyclones with
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FIG. 5-10. (Continued )

central pressures exceeding 1030 hPa and only three
cases (December 1957, January 1971, and 15-16 Feb-
ruary 1996), were associated with anticyclones with
central pressures less than 1024 hPa.

The positions of the surface anticyclones with respect
to the surface low pressure centers along the middle
Atlantic coast are shown in Fig. 5-15, which illustrates
a clustering of surface high pressure centers that is sim-
ilar to those associated with the major snowstorms (sec-
tion 3c). The primary high pressure center is typically
located over Ontario and Quebec. High pressure systems
may also exist over south-central Canada or the north-
central United States, with a secondary high pressure
cell or ridge extending over southeastern Canada or the
northeastern United States. Therefore, the majority of
the moderate snowstorm cases were characterized by
relatively strong, cold anticyclones poised to the north
of the East Coast that accompany a more modest cy-
clogenesis.

b. Upper-level features

Modest surface cyclogenesis is more common to the
moderate snowstorms than the significant cyclogenesis
that often accompanies major snowstorms. Therefore, it
is not surprising that the upper-level troughs associated

with the low pressure systems are not nearly as pro-
nounced in terms of amplitude, half-wavelength, and
negative tilt. In a number of moderate snow events, the
surface low and its associated upper trough are weak
and nonamplifying. For example, three cases, shown in
Fig. 5-16, illustrate the presence of fairly weak short-
wave disturbances embedded within gently cyclonic up-
per-level flow. Note that, at the surface, the surface low
pressure systems are either relatively weak or, as in the
case of December 1990, reflected by surface troughs
rather than a distinct low pressure center.

A significant signature of the moderate cases is the
presence of a strongly confluent flow field and associ-
ated upper-tropospheric jet streak over the northeast
United States and southeast Canada (Fig. 5-16). The
moderate snow event tends to be located within the
ascending right entrance region of the upper-level jet.
In many cases, the snow appears to extend along and
to the right of the jet axis as it expands northeastward
from the mid-Atlantic region toward New England. The
presence of the confluent jet flow over the Northeast is
consistent with cold surface anticyclones usually ob-
served for these cases locked into the area just north
and east of the track of the surface low.

Another scenario for moderate snowstorms is the
presence of two or more separate upper-level troughs
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FIG. 5-11. Paths of 850-hPa low centers (solid arrows, green) for interior snowstorms (blue shading represents region of snowfall exceeding
25 cm). Bottom panels offer a comparison of the 850-hPa low center paths for the all-snow cases (blue arrows) described in Fig. 5-1, and
all 15 interior snowstorms (green arrows).

that fail to merge [see section 4c(1)]. In some cases,
these features may even weaken or damp out. Three
examples are presented in Fig. 5-17: 16 January 1965,
14 January 1982, and 20 December 1995. In the January
1965 case, the presence of an amplifying upper trough
and intense Canadian anticyclone appear to be precur-
sors to a major snowstorm, but a major snowstorm does
not develop since separate upper-trough features failed
to merge, resulting in separate cyclonic developments

that did not intensify appreciably. The January 1982
case is also an example of two separate troughs that
each produced significant snowfall but failed to merge,
precluding a more significant snowfall event. The De-
cember 1995 case is an example of multiple trough in-
teractions in which one well-defined trough nearing the
East Coast encounters a separate, amplifying trough
over southeastern Canada. This interaction results in a
deamplification, rather than an intensification, of the
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FIG. 5-12. Schematic comparison of the evolution of the upper-level trough, confluence, and associated jet streaks (upper-level and low-
level jet streaks) for (top) major snowstorms in the Northeast urban corridor and (bottom) interior snowstorms. Color gradation on map
represents evolution of cold and warm air masses. Violet solid lines represent 500-hPa height contours, a dashed violet line represents the
upper trough axis, and the circle and attached dashed lines represent the track of the 500-hPa vorticity maxima.

upper trough moving toward the East Coast. The snow-
fall produced by this system was significant but did not
produce the impressive snowfall rates observed in more
significant snowstorms.

The speed of the upper-level disturbance–sea level
cyclone can also play a role in precluding more signif-
icant snowfall accumulations. The moderate snowstorm
of March 1984 was a small and rapidly moving cyclone
and heavy snow fell for only a few hours. Especially
fast-moving systems will typically produce less snowfall
for obvious reasons. In other cases, the evolution of the
upper trough–ridge appears to resemble that observed
with the heavy snow sample (Fig. 5-18) with a signif-
icant amplification of the upper trough and development
of a negatively tilted closed 500-hPa low. However, in
both the cases of December 1957 and January 1971,
rapid cyclogenesis did not occur in conjunction with
these upper amplifications. This factor and the associ-
ation with relatively weak anticyclones may have led
to smaller moisture transports for any period of time
and, therefore, lower snowfall amounts.

There are also differences in the 850-hPa height and
wind fields (described on a case-by-case basis in volume
II, section 11b) between the major snowstorms and the
moderate snowstorms. The 850-hPa lows associated
with moderate snowstorms tend to deepen much less
than their heavy snow counterparts. Commensurately,
the evolution of the low-level winds is typically weaker
than is that of their heavy snow counterparts and does
not develop the strong easterly jet directed from the
Atlantic Ocean toward the region of heavy precipitation.
The moderate cases exhibit 850-hPa winds that are
weaker and remain more from a southerly direction. The
weaker southerly lower-tropospheric winds are also in-
dicative of smaller moisture transports that result in low-
er snowfall amounts.

c. Summary of differences between major snowstorms
and moderate snowstorms

The moderate snowstorms described in this section
tend to produce widespread but lesser snowfall amounts
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FIG. 5-13. Storm snowfall in excess of 25 cm (blue, �25 cm; green, �50 cm; blue contour encloses snowfall of
greater than 15 cm) for moderate snowstorms between 1950 and 2000.
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TABLE 5-2. Snowfall amounts (in.) at Boston, MA (Bos); New York
City/Central Park, NY (NYC); Philadephia, PA (Phi); Baltimore, MD
(Bal); and Washington, D.C. (DC) for selected ‘‘moderate snow-
storms.’’

Date Bos NYC Phi Bal DC

3–5 Dec 1957
23–25 Dec 1961
14–15 Feb 1962
22–23 Dec 1963
16–17 Jan 1965
21–22 Mar 1967
31 Dec–1 Jan 1971
20–22 Dec 1975
13–15 Jan 1982
8–9 Mar 1984
7–8 Jan 1988

26–27 Dec 1990
19–21 Dec 1995
3 Feb 1996

15–16 Feb 1996

0
10

8
5
8
2
5

18
13

2
9
1

12
5
7

8
3
3
7
5

10
6
2
9
6
5
7

10
8

11

7
3
4
5
4
4
5
1
9
7
4
6
2
7
8

8
1
3
8
3
2
6
0
8
5
8
5
1
8

11

11
1
1
6
3
0
9
0

10
2
8
3
0

10
8

than the major snowstorms discussed in the previous
two chapters. In these more moderate events, snowfall
amounts of 4–10 in. (10–25 cm) were common in the
Northeast urban corridor, with some regions receiving
greater than 10 in. (25 cm).

A common scenario that marks these more moderate
events is that the upper-level trough associated with the
surface cyclogenesis is weak or less pronounced in
terms of amplitude and wavelength than in the major
snowstorms (see schematic in Fig. 5-19). However, the
confluent upper-level patterns in the northeast United
States and southeastern Canada associated with the cold
surface anticyclone are present. In these cases, the cold
surface anticyclone and its associated jet entrance region
within a region of upper-level confluence are dominant
features, but the short-wave trough associated with cy-
clogenesis is much weaker than those associated with
the major snowstorms. In nearly all the examples shown
in Figs. 5-16–5-18, upper-level confluence and an as-
sociated jet streak are present and appear to act to main-
tain cold temperatures for the snow event. However, the
lack of an amplifying trough in the southern stream
appears to be an important factor in limiting the potential
of these storms to grow into major snow-producing sys-
tems.

1) In general, the major differences between major and
moderate snowstorms involve differences in the cy-
clogenesis supporting the snow event. The surface
lows tend to be weaker, develop less intensity and
do not exhibit the rapid deepening observed for many
major snowstorms. Commensurately, the upper
troughs also tend to be weaker (smaller amplitude,
do not evolve into deepening closed circulations)
and, generally, do not amplify very much. Com-
mensurately, the 850-hPa lows are also weaker and
accompanied by a weaker southerly (rather than east-
erly) low-level jet streak.

2) The presence of upper confluence and strong surface

anticyclones are common to these moderate events,
as they are to the major snow events. Therefore, the
presence of cold anticyclones and their associated
upper-level conditions are common to many snow-
storms in the Northeast urban corridor whether they
be of moderate or heavy intensity.

3) Factors that diminish the chances for rapid cyclo-
genesis appear to significantly reduce the likelihood
for heavy snow, which should come as no surprise.
However, the complex wave interactions that influ-
ence trough development are often poorly under-
stood and sometimes poorly forecast. The feedbacks
that allow the ‘‘self-development’’ of cyclones (dis-
cussed in chapter 7) are more often retarded than are
those interactions that allow a cyclone to develop
rapidly.

4) Speed is also be an important consideration, with
some moderate snowstorms noted as fast-moving cy-
clones that cannot sustain heavy snowfall rates for
long periods of time at any given location.

4. Ice and sleet storms

Many significant snowstorms include regions that ex-
perience precipitation in the form of freezing rain (‘‘ice
storms’’) or ice pellets (sleet). The presence of a warm
layer above the earth’s surface with temperatures above
32�F (0�C) for a significant depth to allow snow to par-
tially or fully melt is a well-understood phenomena
(Forbes et al. 1987; Stewart and King 1987; Huffman
and Norman 1988; Ramamurthy et al. 1991; Rauber et
al. 1994). Even very small accumulations of freezing
rain are often sufficient to cause catastrophic effects.
The presence of freezing rain or sleet can have a major
impact to roadways while heavier accumulations of
freezing rain present a significant threat to trees and
electrical lines, resulting in potentially massive power
outages.

Ice pellets may present less of a threat than freezing
rain or snow since the pellets can add some traction to
roadways in contrast to the slick road surfaces associ-
ated with freezing rain. In addition, large amounts of
sleet do not accumulate to depths observed with snow-
fall composed of similar liquid amounts. Nevertheless,
significant accumulations of ice pellets require removal
for transportation and are still a significant winter weath-
er threat.

In many instances, the region of freezing rain and
sleet is found between those areas of significant snow
and rain, and there is often an overlap over a consid-
erable area that receives some combination of these el-
ements. In some winter storms, freezing rain or ice pel-
lets can be the predominating winter weather problem.
Of the 30 major snowstorms examined in the previous
two chapters, freezing rain and sleet were observed to
some degree with all storms.

For example, the March 1993 Superstorm produced
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FIG. 5-14. Paths of surface low pressure centers (solid, colors) for all 15 moderate snowstorms. Symbols along path
represent 12-hourly positions and numerical values are the sea level central pressures (hPa) at 12-hourly intervals.
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FIG. 5-15. (top) Composite tracks of surface low pressure systems for the moderate
snowstorms. (bottom) Composite positions of anticyclones associated with moderate
snowstorms; positions (blue circles) selected at times when the surface cyclone (red L)
was moving northeastward along the East Coast.
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FIG. 5-16. Examples of moderate snowstorm evolution; three cases exhibiting strong surface anticyclones, 500-hPa confluence, and relatively
weak shortwave troughs. Panels in the left column show 500-hPa heights and 400-hPa winds; panels in the right column show surface frontal
analyses. See Fig. 5-3 for specific details.
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FIG. 5-17. Examples of moderate snowstorm evolution; three cases exhibiting upper-level trough ‘‘fractures’’ or ‘‘nonconso-
lidation’’ (see text). Left column shows 500-hPa heights and 400-hPa winds; right column shows surface frontal analyses. See
Fig. 5-3 for specific details.



164 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 5-18. Examples of moderate snowstorm evolution; three cases exhibiting surface and upper-level structure similar to
major snowstorms. Left column shows 500-hPa heights and 400-hPa winds; right column shows surface frontal analyses. See
Fig. 5-3 for specific details.
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FIG. 5-19. Schematic comparison of the evolution of the upper-level trough, confluence, and associated jet streaks (upper-level and low-
level jet streaks) for (top) major snowstorms in the Northeast urban corridor and (bottom) moderate snowstorms. Color gradation on map
represents evolution of cold and warm air masses. Purple lines represent 500-hPa height contours, and the circle and attached dashed lines
represent the track of the 500-hPa vorticity maxima.

mostly snow over the Appalachian Mountains, but pre-
cipitation was generally a combination of heavy snow,
heavy ice pellets, and some freezing rain and rain in
the highly populated Northeast urban corridor. Most
snowfall amounts in the urban corridor averaged about
a foot (30 cm) of snow, but the total precipitation was
made up of a significant amount of sleet. Had precipi-
tation remained as all snow, 24 in. (60 cm) accumula-
tions would have been likely since many locations re-
ported 2–3 in. (5-7.5 cm) of liquid water equivalent.
While the ice pellets cut down on final snowfall accu-
mulations (the addition of ice pellets can actually cause
snow depths to diminish because of compaction), it still
added to the weight of the snow/sleet mass, requiring
a massive removal effort.

The post-Christmas storm of December 1969 (see vol-
ume II, chapter 10.14) is another winter storm that pro-
duced severe icing throughout the Connecticut Valley
in New England. The storm of 10–11 February 1994
(see volume II, chapter 10.25) produced significant
snowfall accumulations from New York City through
New England but was also one of the worst ice storms
on record across portions of the eastern United States.
In Washington and Baltimore, most of the precipitation
from this storm fell as ice pellets. Freezing rain accu-
mulations of 0.5-1.5 in. (1.2–3.6 cm) devastated por-
tions of the southeast United States, Virginia, and south-
eastern Maryland, causing more than a billion dollars
in damage.

According to Ludlum (1982) the most damaging ice
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storm in American history occurred over a large area
from Texas to West Virginia from 28 January through
1 February 1951 (Harlin 1952). Ice formed on exposed
objects to thicknesses of 0.5-4 in. (1.2–10 cm), impeding
traffic for up to 10 days afterward. Some of these icing
events can be as damaging, if not more damaging, than
a major snowstorm. A severe ice storm in Massachusetts
through Maine in late November 1921 caused enormous
destruction and economic disruption (Burnham 1922)
with ice coating electrical wires up to 3 in. (7.5 cm) in
diameter. As the 20th century drew to a close, one of
the worst ice storms of the century affected portions of
northern New York and New England and paralyzed
much of southeastern Canada on 5-9 January 1998. The
personal and economic impact of this storm is well doc-
umented (DeGaetano 2000), with damage estimated at
$4 billion (Gyakum and Roebber 2001).

In the following sections, seven significant freezing
rain and ice pellet events during the last half of the 20th
century are examined to contrast the surface and upper-
level features with major snowstorms. Examples of ver-
tical temperature profiles associated with freezing rain
and ice pellets are presented and possible scenarios are
also presented in which above-surface melting would
be promoted. The heavy snowfall and icing patterns of
these seven significant icing events are shown in Fig.
5-20, illustrating the locations of icing within the North-
east urban corridor. Several of these events are also
associated with significant snowfall. However, icing
rather than snow dominated a few of the cases.

a. Surface features

The surface features associated with some of the ice
and sleet storms discussed in this section exhibit many
similarities to their heavy snow counterparts. One case
in particular, the ice storm of 7 January 1994 (see vol-
ume II, chapter 11.3), was also a significant snowstorm
over much of New England and its surface features,
including low pressure moving eastward from the Ohio
Valley and redeveloping near the mid-Atlantic coast,
and high pressure to the northwest of New England, are
very similar to many of the heavy snow cases. However,
there are a number of significant differences in the other
cases that may be indicative of conditions that are more
conducive to freezing rain rather than snow. Although
only seven cases are shown, they do point to some of
the factors that support freezing rain or sleet rather than
snow.

A summary of the tracks of the surface low pressure
systems for this small sample of cases (Fig. 5-21, top)
shows a wide variety of paths. A number of storms
parallel the East Coast, somewhat similar to those cases
of interior snowstorms rather than the major snowstorms
as the surface low pressure centers remain relatively
close to the coastline. There are also several examples
of surface low pressure systems that track northeastward
across the Ohio Valley or Great Lakes, similar to the

primary low pressure systems associated with several
of the major Northeast snowstorms (see chapter 3). But
the paths of the ice storms track much farther to the
north than those shown in Fig. 3-5. These cases, all
occurring in January 1994 and one in January 1999, are
associated with secondary low pressure systems along
the East Coast with the exception of the storm of 27–
28 January 1994 (in which no defined secondary low
developed along the East Coast). The storm of January
1956 (McQueen and Keith 1956) is an anomalous case
of an oceanic low pressure system that first moves south-
eastward off the Carolina coastline and then north and
northwestward over the western Atlantic Ocean. Hart
and Grumm (2001) rated this storm system as the high-
est-ranked anomalous weather event over a 53-yr period,
based on a normalized departure from climatology of
tropospheric values of height, temperature, wind, and
moisture computed from the National Centers for En-
vironmental Prediction–National Center for Atmospher-
ic Research (NCEP–NCAR) reanalysis dataset (Kalnay
et al. 1996).

The surface anticyclones (Fig. 5-21, bottom) also ex-
hibit some similarities and differences to the heavy snow
sample. Some of the anticyclones are located over cen-
tral or northern Canada, mostly over Ontario, delivering
cold air at low levels to the northeast United States (one
of the anticyclones, associated with the January 1956
ice storm, is located over extreme northern Quebec,
while another associated with an ice storm in January
1999 is located over northern Maine). These locations
are similar to those observed with some of the heavy
and moderate snowstorms, as well as the interior snow-
storms (cf. Figs. 3-5, 5-7, and 5-15). However, anti-
cyclones associated with the ice storms of mid- and late
January 1994 are located over the western Atlantic
Ocean, clearly much farther east than most of the other
systems associated with the snow events.

The freezing rainstorms of January 1956, December
1973, and January 1978 exhibit some similarities to each
other (Fig. 5-22). These three events are all associated
with significant East Coast cyclones associated with
large cold anticyclones located over central or northern
Canada (Fig. 5-21, bottom). One feature that charac-
terizes all three cases is a frontal zone extending north-
ward from the surface low located over the western
Atlantic Ocean. This north–south surface frontal zone
reflects the effect of a very strong upper ridge located
to the east or northeast of the surface low. The frontal
boundary may also be indicative of the tendency of
warmer air to the north or northeast of the surface low
to move above the cold surface air over the Northeast
states. Another key feature is the presence of a cold
anticyclone north of the storm system, which is strong
enough to sustain at least a shallow layer of cold air
over a large portion of the Northeast as the precipitation
falls on the urban region.

The ice storms of 17 and 27–28 January 1994 and
January 1999 (Fig. 5-23) are three examples that clearly



C H A P T E R 5 167‘ ‘ N E A R M I S S ’ ’ E V E N T S

FIG. 5-20. Storm snowfall in excess of 10 in. (25 cm; blue shading) and locations of icing and
sleet occurrences (violet shading) of seven selected ice storm cases.
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FIG. 5-21. (top) Composite tracks of surface low pressure systems for the seven selected
ice storm cases. Symbols along path represent 12-hourly positions. (bottom) Composite po-
sitions of anticyclones associated with ice storms; positions (blue circles) selected at times
when the surface cyclone (red L) was moving northeastward along the East Coast.
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FIG. 5-22. Examples of ice storms exhibiting a strong north–south frontal boundary located over the western Atlantic Ocean.
Left column shows 500-hPa heights and 400-hPa winds; right column shows surface frontal analyses. See Fig. 5-3 for specific
details.
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FIG. 5-23. Examples of ice storms exhibiting a strong wedge of cold-air damming prior to the onset of the ice storm. Left column
shows 500-hPa heights and 400-hPa winds; right column shows surface frontal analyses. See Fig. 5-3 for specific details.
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FIG. 5-24. Schematic skew T–logp vertical temperature profiles for
two freezing rain soundings and one ice pellet sounding. Dashed line
is the 0�C isotherm.

do not resemble the significant snowstorm cases since
there is no significant East Coast cyclone. Instead, these
cases are dominated by the effects of retreating cold
surface anticyclones and low pressure systems that
move to the west-northwest of the Northeast urban cor-
ridor. Typically very pronounced wedges of cold air
remain dammed east of the Appalachians. For example,
the 28 January 1994 and January 1999 cases are each
associated with very strong anticyclones associated with
very cold air. In the case of January 1999, the anticy-
clone is poised north of Maine and very cold temper-
atures extend southwestward into central North Caro-
lina. This event was marked by a major ice storm in
Virginia and Maryland. While the surface high asso-
ciated with the 28 January 1994 ice storm had already
moved east of the Maine coast, cold surface air remained
east of the Appalachian Mountains southward to south-
ern Georgia, again providing a shallow pool of air cold
enough to produce freezing rain throughout the mid-
Atlantic region. Meanwhile, in both cases, the surface
low was located well to the west-northwest of the coast-
line.

The ice and ice pellet storm of 17 January 1994 is
less indicative of the influence of a strong cold anti-
cyclone but still exhibits the pronounced wedge of cold
air just west of the Atlantic coastline. Although the sur-
face high had already retreated eastward over the At-
lantic Ocean, this anticyclone had been associated with
some of the coldest temperatures of the 1994 winter
season and the cold temperatures were slow to modify
east of the Appalachians. The only areas to escape the
significant icing were the immediate mid-Atlantic and
New England coasts where warmer oceanic air was able
to penetrate immediately inland.

b. Upper-level features

One should expect that a major difference between
the heavy snow cases and the ice storm cases is the
presence of a layer of relatively mild air above the sur-
face with temperatures above 0�C in the ice storm cases
versus temperatures that remain below freezing for the
snowstorm cases. In this section, the weather patterns
that promote warming in the lower troposphere while
temperatures remain below freezing near the earth’s sur-
face are contrasted with those factors that produce major
snowstorms. A sample of soundings is shown in Fig. 5-
24 to contrast the temperature profiles in the icing events
from the heavy snow cases. In general, it appears that
the warming is typically found in the layer between 900
and 700 hPa.

An examination of the seven cases indicates that the
presence of a warm layer above the earth’s surface can
arise in a number of ways. For example, the icing event
of January 1956 occurred during an anomalous blocking
pattern with a distinct cutoff low over the western At-
lantic and an impressive cutoff ridge extending from
south of Greenland toward eastern Canada. The pres-

ence of the huge ridge north of the United States allowed
very mild oceanic air to penetrate westward across east-
ern Canada into the northeastern United States before
cold air was dislodged at the surface. The presence of
a very intense ridge over eastern Canada is a significant
deviation from many Northeast snowstorms often char-
acterized by a deep trough over eastern Canada and a
strong ridge farther north and east across Greenland and
Iceland.
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The December 1973 and January 1978 ice storm cases
(Fig. 5-22) are two examples of slowly moving nega-
tively tilted troughs, their significant downstream ridges,
and strong surface anticyclones located to the northwest
of the Northeast urban corridor that supply cold low-
level air. These surface anticyclones remain to the north-
west of the urban corridor. But, at upper levels, the
development of a strong negatively tilted trough south
and west of the Northeast urban corridor is also asso-
ciated with the development of a strengthening ridge
over the western Atlantic. This scenario produces a
strong meridional upper-level flow along the East Coast
that establishes a strong north–south frontal boundary
near the coast, with the boundary separating very cold
air to the west from much milder oceanic air. Cold air
remains at the surface near the coast but much warmer
air rises above the shallow cold air immediately to the
west of the north–south frontal boundary. In the case
of December 1973, there is no upper trough or cutoff
low over eastern Canada, conditions typically found
with heavy snow systems. Instead, the upper low is
located farther west over Hudson Bay. With no confluent
trough over eastern Canada, warmer air can advect rap-
idly northward in conjunction with the building ridge.
In the case of 13–14 January 1978, a strong region of
upper-level confluence over eastern Canada lifts north-
ward as a trough nearing the East Coast deepens and
becomes negatively tilted. With cold high pressure re-
maining to the northwest of the urban corridor, the upper
ridge builds dramatically over the western Atlantic and
a north–south frontal boundary forms over the western
Atlantic, similar to that associated with the December
1973 storm.

In these two cases, rather than having the cold air
located to the north of New England, as is common for
the major snowstorms events, the cold air is located
farther to the west and a building ridge to the east. The
building ridge appears to be a significant factor that
would promote enough warming aloft to change snow
to rain, similar to that observed with the interior snow-
storms discussed earlier. But, the presence of an anti-
cyclone over south-central Canada still sustains cold
low-level air in portions of the Northeast urban corridor.
Therefore, this configuration tends to produce a north–
south-oriented frontal zone with cold low-level air to
the west of the boundary and warmer air to the east that
then rises above the shallow colder air as it is advected
to the west.

An additional subset of cases, shown in Fig. 5-23, is
associated with surface anticyclones responding to rap-
idly moving progressive upper-level troughs over eastern
Canada. These events are contrasted with the heavy
snow cases, which are characterized by the slow-moving
cutoff lows that tend to ‘‘lock in’’ the surface high pres-
sure system and cold air. In these ice storm cases, very
cold Canadian anticyclones supply cold air, but the high
pressure systems continue to move toward the east. Even
though the surface high has drifted over the Atlantic

Ocean, a narrow wedge of shallow cold air remains
trapped east of the Appalachians. As the upper troughs
move east of eastern Canada, warming and rising
heights follow in their wake. Meanwhile, a separate up-
per trough nearing the East Coast propagates toward the
northeast, forcing warmer air above the entrenched cold,
surface air, resulting in widespread sleet and freezing
rain.

In the case of 17 January 1994 (Fig. 5-23) a surface
high pressure system accompanied by extremely cold
air retreated well off the East Coast, leaving a narrow
wedge of cold air between the coast and the Appalachian
Mountains. With a broad upper trough to the west, a
surface low moved well to the northwest of the North-
east urban corridor, associated with strong south to
southwesterly winds in the lower troposphere, produc-
ing a narrow wedge of warm air above the cold surface
air. Significant ice and sleet occurred across much of
the interior mid-Atlantic states and Northeast. A similar
scenario is found just 10 days later (Fig. 5-23), when
another strong surface anticyclone retreated east off the
Northeast coast. An upper trough is found over the upper
Midwest, moving toward the northeast, accompanied by
strong ridging over the eastern United States, repre-
senting warming occurring throughout the atmosphere,
except for the remaining wedge of very cold air near
the surface along the East Coast that resulted in signif-
icant icing, especially in the interior portions of the mid-
Atlantic states and New England. The final example of
15 January 1999 (Fig. 5-24) is also associated with a
very strong, yet retreating, surface anticyclone, rapidly
rising 500-hPa heights across the eastern United States,
and a significant upper-level trough moving northeast-
ward toward New England. Very cold air remained en-
trenched as far south as Virginia as the surface high
drifted eastward across southeastern Canada but the
northeastward-moving trough over the Midwest was as-
sociated with lower-tropospheric warming and strong
warm-air advection above the cold surface air, resulting
in one of the worst ice storms on record in the Wash-
ington metropolitan area.

These three examples are all associated with retreat-
ing anticyclones and upper-level troughs that moved to
the northwest of the Northeast urban corridor as strong
upper-level ridging and related high geopotential heights
were evident off the Southeast coast. In each case, sur-
face warming occurred along the western slopes of the
Appalachians and over the immediate coastline as sur-
face winds shifted to a southeasterly direction off the
relatively mild Atlantic Ocean. As a result, icing con-
ditions eased along the immediate coastline as temper-
atures warmed well above freezing. In these cases, up-
per-level confluence retreated from the northeast United
States and was replaced by rising heights and an upper-
level trough that lifted northeastward partly in response
to the rising heights. Thus, these cases typically resulted
in a changeover to rain along the immediate coastline,
but temperatures inland remained below freezing. As
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FIG. 5-25. The 850-hPa analyses for six selected ice storms including heights (solid,
dm), winds (alternated shading at 5 m s�1 increments above 15 m s�1), and 0�C isotherms
(850 hPa, dotted red; surface, dotted blue). Blue region represents area where 850-hPa
temperatures are above 0�C, while surface temperatures are below 0�C.
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FIG. 5-26. Schematic illustration of three scenarios showing the sur-
face and upper-level features associated with Northeast ice storms.

such, the precipitation changed to rain in cities very
close to the Atlantic coast (New York City, Boston, and
Philadelphia) while the more inland cities (Baltimore
and Washington are located farther west of the Atlantic
Ocean) experienced a longer period of frozen precipi-
tation.

Selected 850-hPa analyses for six events (Fig. 5-25)
show the presence of warmer air aloft, superimposed
with locations of the corresponding surface freezing
contour. The color-shaded regions represent the regions
with surface temperatures below freezing and 850-hPa

temperatures above freezing, denoting the areas where
freezing rain and ice pellets were occurring. These rather
narrow regions, often located between areas of rain and
snow, are obviously a difficult forecast problem due to
their localized nature and the warming aloft, which is
often located between rawinsonde stations. Analysis of
vertical profiles from numerical model data is presently
the best method to assess the potential for freezing rain
and sleet versus rain and snow.

c. Summary of differences between major snowstorms
and ice storms

The major difference between ice storms and snow-
storms is the appearance of a warm layer in the lower
troposphere, especially between 900 and 700 hPa, where
the temperatures rise above freezing, overlaying a shal-
low pool of cold air near the surface. The depths of
both the warm layer and the surface-based cold layer
determine whether precipitation reaches the ground as
either ice pellets or snow. Ice pellets occur when partial
melting of snow occurs in the warm layer and colder
layers and/or drier layers (which promote evaporative
cooling) beneath allow precipitation to reach the ground
as ice pellets. Freezing rain occurs as the depth of the
warm layer is great enough to completely melt the snow.
The rain reaches the ground and freezes upon contact.
It is the authors’ experience that freezing rain has been
observed in the northeast United States with tempera-
tures as low as the single digits (�F; �15� to �12�C).
More typically, within the Northeast urban corridor,
temperatures are observed to range between the 20�s
and low 30�s (�F; �5� to 0�C) during most freezing rain
events.

Within the seven ice storm cases selected to contrast
the major snow events, there are three scenarios that
tend to favor icing events as opposed to major snow-
storms (Fig. 5-26). In all three scenarios, the presence
of warm air over the shallow pool of cold surface air
is emphasized and the role of the Appalachian Moun-
tains in maintaining cold, surface temperatures is noted.

Scenario 1 (Fig. 5-26a): This scenario has a deep
upper trough along the East Coast and an offshore sur-
face low along a north–south surface frontal zone. Cold
air is supplied by an anticyclone located to the north-
northwest of the urban corridor. Strong upper-level ridg-
ing over the western Atlantic Ocean contributes to a
north–south-oriented baroclinic zone characterized by a
strong surface front that separates cold air from the west
and warmer air over the Atlantic. As warmer air rises
above the shallow cold surface air, freezing rain or sleet
is the result. The storms of December 1973 and January
1978 are two examples of this scenario that resulted in
widespread, damaging ice storms.

Scenario 2 (Fig. 5-26b): This scenario is perhaps a
more common one in which a very strong anticyclone
accompanied by very cold air moves into the Northeast
urban corridor but continues to retreat eastward across
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eastern Canada or the western Atlantic Ocean. As the
high pressure center retreats eastward, warming occurs,
except near the earth’s surface where the shallow rem-
nants of the cold air mass remain wedged to the east of
the Appalachian Mountains. This scenario is often ac-
companied by surface ridging along the East Coast and
the movement of an upper-level trough to the northwest
of the urban corridor, resulting in significant warm-air
advection just above the cold surface air trapped to the
east of the Appalachian Mountains. Since the cold air
is wedged in between the mountains and coastline, the
cold air is eroded by warming above and over the coast-
line and eastward, where southeasterly flow behind the
retreating anticyclone quickly modifies over the ocean
and begins to move inland. In these cases (including 17
and 27–28 January 1994 and an ice storm on 14–15
January 1999), regions along the immediate coastline,
including New York City and Boston, experience a
changeover from freezing rain to rain. Meanwhile, more
interior locations remain as freezing rain for a longer
period of time, or do not change over at all, sometimes
allowing the metropolitan areas of Baltimore and Wash-
ington to experience more significant icing that its north-

ern but more coastal metropolitan centers. In general,
the more northern and western regions of the Northeast
urban corridor are more susceptible to icing than the
eastern and southern portion.

Scenario 3 (Fig. 5-26c): Scenario 3 is one that often
occurs as the transition region between snow and rain.
This scenario is accompanied by a very strong anticy-
clone to the north-northwest of the urban corridor, sim-
ilar to that found in major snowstorms, which provides
the cold air at the surface. However, the cold outbreak
does not extend as far south as those in the heavy snow
sample and portions of the Northeast urban corridor lie
along the southern fringes of the cold outbreak where
shallow, subfreezing air undercuts milder air aloft.
These weather systems often have a gradation from
snow to sleet and freezing rain to rain on a north–south
axis. The case of 7 January 1994 is an example where
heavy snow mostly fell in Boston; snow, sleet and freez-
ing rain fell in New York City; freezing rain occurred
in Philadelphia; and a combination of rain and freezing
rain fell in the Washington and Baltimore metropolitan
areas, with more rain than freezing rain in the south-
eastern suburbs.
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Chapter 6

MESOSCALE ASPECTS OF NORTHEAST SNOWFALL DISTRIBUTION

The descriptions of 30 major Northeast snowstorms
in chapters 3 and 4, and 37 ‘‘near miss’’ cases in chapter
5, provide a basis for understanding the evolution of the
cyclones responsible for the heavy snow-producing sys-
tems in the Northeast, while describing atmospheric fea-
tures and processes that operate on a continuum of scales
from the very large, or synoptic scale, to very small, or
mesoscale. The snowfall distributions exhibited by the
many cases shown in Figs. 3-2, 5-5, and 5-13 cover
large, synoptic-scale areas, but all contain mesoscale
detail. Mesoscale regions of enhanced snowfall rates are
often associated with snowbands that can occur within
larger synoptic-scale areas of heavy snow or they can
exist as isolated phenomena. These bands are often less
than 100 km wide and can extend over lengths of several
hundred kilometers, and in some cases, the bands may
extend over lengths approaching 1000 km.

An example of distinct mesoscale structure within a
synoptic-scale area of snow is shown in a visible satellite
image of the mid-Atlantic states following the 31 March–
1 April 1997 snowstorm (Fig. 6-1). This storm primarily
affected southeastern New York and southern New Eng-
land with very heavy snows (Fig. 6-1a; also see volume
II, chapter 10.28). However, an area of heavier snow also
fell across a very small portion of southeastern Penn-
sylvania, northeastern Maryland, and northern Delaware,
as observed in the visible satellite image (Fig. 6-1b). The
morning following the snowstorm, the town of Christiana
in eastern Lancaster County, Pennsylvania, reported 18
in. (45 cm) of snow, while whatever snow that had fallen
in western Lancaster County had already melted. The
mesoscale structure noted for the April 1997 snowstorm
can be found in virtually every case described throughout
this monograph.

In this chapter, mesoscale characteristics of snowfall
are addressed and related to features such as conditional
symmetric instability and frontogenesis, inverted sur-
face pressure troughs and other quasi-frontal boundar-
ies, gravity waves, elevation, thundersnow, and ‘‘bay
effect’’ or ‘‘ocean effect’’ snowfall. Storm Data and
Climatological Data dating from 1960 to 1999 were
examined to find cases, using a methodology similar to
that described by Branick (1997), who examined winter
storm events across the entire United States for a 12-yr
period from 1982 to 1994.

Orlanski (1975) provides a basis for defining the

scales of weather systems, which is shown in Fig. 6-2
to include Northeast snowstorms. Synoptic, or ‘‘macro
�,’’ scales of motion cover distances between 2000 and
10 000 km and time periods of a day to several days.
Mesoscale features are defined as spanning distances of
2–2000 km and time periods of 1 h to 1 day. Orlanski
subdivides mesoscale into three subscales: meso-
(200–2000 km; around 1 day), meso-� (20–200 km;
several hours to 1 day), and meso-� (2–20 km; 30 min
to a few hours). This chapter will examine the variety
of mesoscale snowfall detail found within Northeast
snowstorms, spanning the meso- to meso-� scales.

The development of narrow, singular, or multiple
snowbands with meso- to meso-� scales remains a
perilous prospect for forecasters and is rarely resolved
by current operational models. When these historically
unpredicted events affect a populated urban environ-
ment, such as the Northeast urban corridor, its societal
and economic impacts are large, and public perceptions
of forecast capability are severely affected. A statement
released by the New York City forecast office following
a mesoscale snow event that left up to a foot (30 cm)
of snow over heavily populated regions of Long Island
and western Connecticut on 13 December 1988 that was
not predicted points to frustration associated with the
forecast challenges that remain.

Events like this cause weather forecasters to lose their
hair at an early age and in some cases to develop stomach
ulcers. We have to admit the existence of many weather
events that are. . .at this stage of our weather sci-
ence. . .unforecastable. There are situations that slip be-
tween the cracks and I am afraid this has been one of
them. We missed it and so did the computers. We could
only sit here at the Weather Service Office and watch the
situation go from bad to worse. We became observers as
opposed to forecasters.

1. Examples of snowbands with possible linkage to
midlevel frontogenesis and symmetric stability

The roles of moist symmetric stability and fronto-
genesis in the development of precipitation bands have
been described in numerous articles over the past two
decades (Bennetts and Hoskins, 1979; Emanuel 1979,
1983, 1985; Sanders and Bosart 1985a; Sanders 1986b;
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FIG. 6-1. Example of synoptic vs mesoscale detail within the snowfall of 31 Mar–1 Apr 1997: (top)
total snowfall (in.) and (bottom) visible satellite image taken the morning following the snowstorm.

Wolfsberg et al. 1986; Nicosia and Grumm 1999; Graves
et al. 2003). From these studies, a relationship between
frontogenesis and symmetric stability can be applied to
describe the narrow regions of ascent that lead to the
banded structure often observed with snowfall. The as-
cent regions are enhanced and contracted to meso- and
meso-� scales when the symmetric stability is low and
where the frontogenesis is maximized. Nicosia and
Grumm (1999) examine heavy snowbands located along
the northwestern edge of the synoptic-scale snowband
for several recent snow events in the eastern United
States, including the cases of 3–4 February 1995 (see
volume II, chapter 10.26), 19–20 November 1995, 3–
4 March 1994 (also see volume II, chapter 11.1), and
12 January 1996 (Fig. 6-3). The snowbands are often
west of the heaviest precipitation predicted by current
numerical models but occur near model-forecast front-

ogenesis at 700 hPa. The frontogenesis process is en-
hanced as a midtropospheric low develops and inten-
sifies (as the cyclonic circulation extends upward during
cyclogenesis) and as the exit region of an upper-level
jet streak/dry intrusion encounters the region.

The Next-Generation Doppler Radar (NEXRAD) im-
agery for cases provided by Nicosia and Grumm (1999)
and Graves et al. (2003) shows that the development of
one or more snowbands are often embedded within a
larger synoptic-scale region of snow. These bands are
typically oriented from southwest to northeast and ap-
pear to move slowly northeastward, or to remain sta-
tionary and ‘‘pivot’’ slowly in a counterclockwise di-
rection as individual radar elements merge into the band
from the east, southeast, or northeast.

A series of images from the 25 January 2000 snow-
storm in Washington, D.C., illustrates the banded struc-
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FIG. 6-2. Classification of scales of motion involved in Northeast snowstorms, as described within this monograph. Based on a figure in
Orlanski (1975).

ture of the snowfall radar echoes. The heaviest bands,
indicated by the green shading (Fig. 6-4), are located
just west of Chesapeake Bay and are relatively station-
ary, while individual elements within the band are ro-
tating cyclonically toward the south. Note that surround-
ing bands appear to be directed toward the main band
over eastern Maryland, with convergence implied by

the red arrows. This converging area of snowbands piv-
oted slowly toward the east-northeast, where some of
the greatest snow totals, exceeding 15 in. (38 cm), were
reported (Fig. 6-4), right along Chesapeake Bay.

An examination of Climatological Data and Storm
Data provides many examples of narrow, mesoscale
snowbands, several of which are presented here.
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FIG. 6-3. NEXRAD reflectivities of enhanced mesoscale snowbands during a variety of Northeast snow events on
4 Feb 1995, 15 Nov 1995, and 12 Jan 1996. [From Nicosia and Grumm (1999).]
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FIG. 6-4. NEXRAD depiction of time evolution of snowbands embedded within the 25 Jan 2000 snowstorm in the Baltimore–Washington
metropolitan areas for 2005–2057 UTC. Colors represent gradations in base reflectivity at 0.5� elevation; note scale on left of each figure.
Red arrows represent instantaneous motion of snowbands. (bottom left) Total snowfall (in.; contours at 10, 15, and 20 in.) in the middle
Atlantic states. (bottom right) Surface analysis at 0000 UTC 26 Jan 2000.
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a. 7–8 January 1958

A narrow heavy snowband was associated with a
small and explosively deepening cyclone on 7–8 Jan-
uary 1958. A narrow belt of 14–20-in. (35–50 cm)
snowfall accumulations was described as 10 mi (16 km)
wide1 from New Haven, Connecticut, to northwestern
Rhode Island. An analysis of available snow data in-
dicates that the length of the band was much greater
than its width, which extended from the lower Chesa-
peake Bay into western Maine (Fig. 6-5a). The meso-
scale band of snow was located within a larger region
of snowfall associated with a low pressure system that
evolved from the merger of two separate systems (see
chapter 4). Eventually, the storm underwent a period of
rapid deepening over the western Atlantic Ocean, char-
acterized by pressure falls exceeding�20 hPa per 3 h
in extreme southeastern Massachusetts.

b. 2–3 March 1969

Another interesting example of mesoscale areas of
heavy snow occurred on 2–3 March 1969, when a slow-
moving coastal cyclone produced a large area of snow-
fall from Virginia to Maine. Embedded within this syn-
optic-scale event were a number of smaller regions with
significant amounts of snow, including southern Vir-
ginia, southern New Jersey, and southeastern Massa-
chusetts. However, the most anomalous area of snow
was located along a narrow 30-mi- (50 km) wide south-
west-to-northeast band extending from eastern Penn-
sylvania through southeastern New York into southern
Vermont. Within this narrow band, accumulations of 20
to greater than 30 in. (50–75 cm) of snow fell across
extreme northeastern Pennsylvania, northwestern New
Jersey, and into portions of southeastern New York (Fig.
6-5b). Port Jervis, New York, recorded more than 33
in. (83 cm) of snow, while Liberty, New York [only 30
mi (50 km) to its northwest], received only an inch (2.5
cm).

c. 11–12 November 1987

Sometimes, the heavy snowbands occur over isolated,
relatively small regions that are separate from a larger-
scale snowfall pattern. The snowfall during the 10–12
November 1987 Veterans’ Day snowstorm (Fig. 6-5c)
exhibits a well-defined synoptic band of snow (Fig. 6-
6, top; labeled A) associated with a weak area of low
pressure on 10 November. A synoptic-scale cyclone de-
veloped early on 11 November and produced a signif-
icant band of snow across southeastern New England
(Fig. 6-6, top; labeled B). In addition to these synoptic-
scale areas of snow, a 40 km � 200 km mesoscale band
of heavy snows left up to 17 in. (42 cm) of snow in the
Washington metropolitan area [Fig. 6-6, labeled C; also

1 New England Climatological Data, January 1958.

see Maglaras et al. (1995)]. This mesoscale band of
snow formed locally over the Washington metropolitan
area early on 11 November during the early stages of
cyclogenesis and dissipated by late afternoon. The east-
ern portion of Washington and nearby suburbs received
the heaviest snows (Fig. 6-6, bottom) while the western
suburbs reported as little as 2 in. (5 cm). At the height
of the storm, snowfall rates of 3 in. (8 cm) h�1 were
reported and often accompanied by thunder and light-
ning. The 11.5 in. (29 cm) of snow at National Airport
in Washington was the greatest November snowfall on
record. The heavy band of snow did not translate north-
eastward toward the Philadelphia and New York met-
ropolitan areas, where only about an inch (2.5 cm) of
snow fell. Rather, the area of heaviest snow seemed to
develop and then dissipate locally in the mid-Atlantic
region. Heavy snowfall then redeveloped over south-
eastern Massachusetts (labeled B in Fig. 6-6) while the
synoptic-scale cyclone intensified offshore beneath an
advancing upper-level trough–jet system translating off
the Virginia coast (Fig. 6-5c).

This storm proved to be exceptionally difficult to
forecast because of a number of factors. Foremost was
the small scale of the event that operational models
could not resolve. In addition, the storm occurred un-
usually early in the season with few historical prece-
dents. Finally, the operational models failed to properly
simulate the amount and the mesoscale banded structure
of precipitation, and the local enhancement of the snow-
fall that occurred in the Washington, D.C., area.

d. Three snowstorms during January and February
1996

Only a few days following the January 1996 ‘‘Bliz-
zard of ’96’’ (see volume II, chapter 10.27), a new storm
system threatened the Northeast with more heavy snow.
On 12 January 1996, a modest storm system managed
to produce six additional inches (15 cm) of snow in the
Washington–Baltimore area, while snow changed to rain
from Philadelphia to New York City and Boston after
only a few inches of accumulation. While this storm
system was much less widespread and intense than the
blizzard earlier in the week, a narrow 20–30-km-wide
snowband developed along the northwestern side of the
storm over northeastern Pennsylvania into southeastern
New York (Nicosia and Grumm 1999). The snowband
was located within the larger area of 6-12 in. (15–30
cm) of snow, and produced snowfall amounts in north-
eastern Pennsylvania of 20–25 in. (50–63 cm). There
is an isolated report of 36 in. (90 cm) in northeastern
Pennsylvania, where snowfall rates approached 6 in. (15
cm) h�1. The mesoscale structure of the snowband was
also captured by the NEXRAD base reflectivities (Fig.
6-7a).

Another example of a mesoscale snowband occurred
on 2 February 1996, when a narrow band of heavy snow
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FIG. 6-5. Snowfall distributions and a representative surface analysis for the mesoscale snow events of (a) 7–8 Jan 1958,
(b) 2–3 Mar 1969, and (c) 11 Nov 1987.
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FIG. 6-6. Snowfall distribution for the Veterans’ Day snowstorm of 10–11 Nov 1987. (top) A, B, and C refer to separate bands of snowfall
attributed to several distinct periods described in the text; (bottom) detailed snowfall analysis for the Washington metropolitan area on 11
Nov 1987 (from Maglaras et al. 1995).
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FIG. 6-7. Snowfall distributions, NEXRAD imagery, and a representative surface analysis for the mesoscale snow
events of (a) 12–13 Jan 1996, (b) 2–3 Feb 1996, (c) 15–16 Feb 1996, and (d) 9 Mar 1999.
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oriented along a southwest–northeast axis produced up
to 14 in. (36 cm) of snow along a swath from northern
Virginia into southeastern Maryland and southern Del-
aware (Fig. 6-7b). The event produced snowfall rates
of 3 in. (7.5 cm) h�1 and was associated with a weak
center of low pressure. A second, more significant cy-
clone the next day produced a larger region of snow,
but snowfall rates were not nearly as heavy as the prior
day, although they did add to the significant snowfall
accumulations (see volume II, chapter 11.2). Note that
the smaller, mesoscale event from Virginia through Del-
aware is very evident in the NEXRAD imagery.

A third example of a narrow snowband during the
winter of 1995/96 was associated with a developing
cyclone on 16 February 1996. This synoptic-scale snow
event (see volume II, chapter 11) was associated with
a narrow band of heavier snow with up to 15 in. (38
cm) along the heavily populated Interstate 95 route from
northern Virginia to southeastern New York and central
New England (Fig. 6-7c). This narrow band (see NEX-
RAD imagery) was located within a larger-scale snow-
band that produced 4–8 in. of snow (10–20 cm), on
average, from Virginia to New York.

e. 9 March 1999

As a significant and widespread winter storm over
the Midwest moved eastward on 8 March 1999, it began
to weaken and its large snow-producing capabilities ap-
peared to wane. However, as this system approached the
middle Atlantic states on 9 March, a narrow band of
heavy snow developed from southwestern Pennsylvania
into northern West Virginia, northern Virginia, and into
portions of the Washington metropolitan area, leaving
up to 11 in. (28 cm) of snow over a very localized area
(see Fig. 6-7d). The band was less than 100 km wide
within which heavy snowfall rates [up to 2 in. (5 cm)
h�1] left more than 6 in. (15 cm) of snow.

The cases briefly described above reveal some of the
complexities that occur in Northeast snowstorms, in-
cluding spatial and temporal variations of snowfall that
challenge simple explanations based on synoptic-scale
principles, and routinely have confounded forecasters.
The ability to forecast these events will be a crucial
issue to resolve (as described in chapter 8), in order to
predict the snowfall with acceptable reliability.

2. Examples of snowbands linked to surface fronts
and inverted pressure troughs

Surface fronts are occasionally associated with locally
enhanced snowfall amounts in major snowstorms. The
fronts represent sites of localized baroclinic zones that
can act to focus strong ascent in relatively narrow bands.
The March ‘‘Blizzard’’ of 1888 (Fig. 6-8a; also see vol-
ume II, chapter 9) is a well-known example of a major
cyclone associated with a pronounced surface front ex-
tending to the north of the low pressure center. The

heaviest snows, up to 55 in. (140 cm), fell in the Hudson
River valley of New York, just west of and parallel to
the frontal boundary, with the heaviest snowfall occur-
ring on the cold side of the front. The November 1950
‘‘Appalachian Storm’’ (Fig. 6-8b; see volume II, chapter
9) is another example where the heaviest snows, ex-
ceeding 40–50 in. (100–125 cm) in West Virginia, oc-
curred just west of a strong frontal boundary oriented
to the north of a strengthening surface low. The De-
cember 1962 case (Cunningham and Sanders 1987),
marked by record-setting snowfall of up to 46 in. (117
cm), occurred over central and eastern Maine, west of
a north–south frontal boundary lying to the north of an
intensifying cyclone (Fig. 6-8c).

These frontal features act to focus the heavy snowfall
in areas along and west of the frontal boundary. The
large-scale circulation often exhibits a pronounced east-
erly low-level flow east of the boundary that ascends
the frontal boundary and then moves more north and
then northeastward as the rising air encounters the more
southwesterly flow aloft. Since these three snowstorms
produced record-setting snowfall, the interaction of a
developing cyclone with a north–south front appears to
be a factor in producing some of the most significant
snowstorms to ever affect the Northeast.

Coastal fronts (Bosart et al. 1972; Ballentine 1980;
Bosart 1981; Bosart and Lin 1984; Forbes et al. 1987;
Stauffer and Warner 1987; Bell and Bosart 1988, 1989;
Nielsen 1989; LaPenta and Seaman 1990, 1992; Nielsen
and Neilley 1990; Doyle and Warner 1993a,b; also see
chapters 3 and 7) are often associated with localized
heavy snowfall amounts, particularly on the cold side
of the boundary (Bosart et al. 1972; Marks and Austin
1979), similar to the larger-scale fronts. Low-level air
originating over the warmer ocean rises above the fron-
tal boundary, resulting in precipitation falling on the
cold side of the boundary. A number of the heavy snow
events across eastern New England were associated with
the development of a significant coastal front off the
southeast New England coast (Fig. 6-9) including one
described by Bosart et al. (1972) that may have en-
hanced snowfall rates. Weak centers of low pressure,
sometimes called zipper lows (Keshishian and Bosart
1987), can develop along the coastal front and are as-
sociated with low-level warm-air advection and intense
frontogenesis, and can also enhance the development of
heavy snow along the cold side of the coastal boundary.
Three examples of New England snowstorms are shown
in Fig. 6-9 to illustrate several coastal fronts and the
mesoscale snowfall distribution associated with each
event.

An inverted surface pressure trough is another feature
that is occasionally associated with enhanced snowfall
amounts (see, e.g., Keshishian et al. 1994). While these
features do not exhibit the well-defined temperature gra-
dients observed with coastal fronts and larger-scale fron-
tal boundaries, they can eventually exhibit well-defined
frontal boundaries as the storm system intensifies. One
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FIG. 6-8. Three examples of cyclones associated with a north–south frontal boundary associated with significant snowfall
accumulations: (a) 1200 UTC 12 Mar 1888, (b) 0630 UTC 25 Nov 1950, and (c) 2100 UTC 30 Dec 1962 (derived from
Cunningham and Sanders 1987). Total snowfall for each storm is shown at right.
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FIG. 6-9. Examples of mesoscale snowfall enhancement associated with coastal fronts along the New England coastline.
Surface maps at (a) 0600 UTC 24 Dec 1970, (b) 0300 UTC 21 Dec 1975, and (c) 0900 UTC 8 Jan 1994. Total snowfall
amounts are included on right.
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localized snowfall event associated with a coastal pres-
sure trough left only 1–2 in. (2.5–5 cm) of snow in the
Boston metropolitan area but produced more than a foot
(30 cm) of snow just north of the city on Cape Ann
(Rosenblum and Sanders 1974). Only 6 mi (10 km)
separated the heaviest snows from nearly no snow. A
synoptic-scale cyclone developed out of a broad trough
of low pressure over New England that consolidated
into a synoptic-scale cyclone that moved well east-
southeast of southeastern New England early on 18 De-
cember. As this cyclone developed offshore, an inverted
surface pressure trough developed across eastern New
England (see Rosenblum and Sanders 1974, their Fig.
4) with northerly and westerly flow over the interior of
New England and onshore flow near the coastline. An
examination of Rosenblum and Sanders’s mesoanalyses
indicates the presence of a small mesoscale cyclone
within the coastal trough.

Below are examples of several other significant snow
events that appear to be linked to the presence of an
inverted trough.

a. 28–29 March 1942

One of the most anomalous, late season surprise
snowstorms affected a relatively narrow area (around
100–150 km in width), extending from the nation’s cap-
ital and Baltimore, Maryland, northward into central
Pennsylvania on 28–29 March 1942. Eleven inches of
snow (28 cm) fell in downtown Washington, with 22
in. (55 cm) in Baltimore, and snowfall amounts ex-
ceeded 30 in. (75 cm) from north-central Maryland into
central Pennsylvania (Fig. 6-10). Meanwhile, much
lighter snowfall totals surrounded the band to its east
and west, over western and eastern Pennsylvania and
Maryland.

This snowstorm was unusual for several reasons.
First, it occurred relatively late in the season, during
early spring, and was not characterized by many of the
features found in other Northeast snowstorms described
in chapters 3 and 4. The unusual synoptic setting for
the storm involved a primary low moving toward the
Midwest, farther to the west than is typical for other
snowstorms; a surface high located over eastern Canada,
typically farther east than often observed (see chapter
3); and a secondary low pressure system that moved
eastward off the mid-Atlantic coast, but did not intensify
appreciably. The heaviest snow fell to the west of a
slowly moving occluded frontal boundary separating the
weakening primary low pressure system over the Mid-
west from the developing low off the mid-Atlantic coast.
This boundary later took the form of an inverted trough
over eastern Maryland and Pennsylvania with the heavi-
est snows located to its west (Fig. 6-10). This anomalous
storm produced some of the heaviest snows ever re-
corded in central Maryland and central Pennsylvania
and was understandably not predicted with any accu-
racy.

b. 26 December 1947

New York City’s greatest snowstorm, in December
1947, also appears to be associated with the develop-
ment of a pronounced inverted trough extending north
and west of the cyclone center. This feature appears to
be a critical factor in the production of record-breaking
snowfall in the city’s metropolitan area. While the heavy
snow was associated with a developing cyclone, in-
cluding the merger of two separate upper-level troughs
(see volume II, chapter 9), a mesoscale region of very
heavy snow developed along and to the west of a lo-
calized region of rapid pressure falls over southern New
England that created an inverted trough to the northwest
of the main cyclone near Long Island and New York
City. The development of this trough alters a primarily
northeasterly wind field over much of the Northeast and
generated a localized region of northwesterly winds over
New Jersey and southeastern New York. As such, the
trough axis represented a region of low-level conver-
gence that focused the heaviest snow (Fig. 6-10) im-
mediately west of the trough axis. Thus, the mesoscale
features related to the inverted trough helped transform
a significant synoptic-scale event into a historical snow-
fall in New York City and its surrounding suburbs.

c. 13 December 1988

A mesoscale snow event on 13 December 1988 that
produced heavy snow on Long Island is marked by an
inverted surface pressure trough that evolved into a sur-
face coastal front and led to the issuance of the fore-
caster lament quoted at the beginning of the chapter. As
in other cases marked by a mesoscale distribution of
snow, this case is also associated with a major cyclone
that developed over the Atlantic Ocean west of Ber-
muda, one of a number of cyclones to occur during the
Experiment on Rapidly Intensifying Cyclones (ERICA;
see Hadlock and Kreitzberg 1988). In this case, a narrow
band of precipitation developed far to the north and west
of the cyclone along and near a coastal trough just east
of the mid-Atlantic coast (Fig. 6-11). While New York
City received only 1 in. (2.5 cm) of snow or less, a
north–south band of snowfall (Fig. 6-11a) exceeding 6
in. (15 cm) and no wider than 70 km, developed across
central Long Island and extended north into southern
New England. Maximum snowfall on Long Island ex-
ceeded 12 in. (30 cm), much of it falling within a 4–
6-h period during the evening rush hour, creating a com-
muting nightmare. As the band extended northward into
southwestern Connecticut, up to 10 in. (25 cm) of snow
fell in that area.

The inverted trough appeared to develop in response
to an advancing upper-level trough. However, the pri-
mary surface low developed nearly 1000 km southeast
of New York, with the main upper vorticity maximum
passing far to the south over eastern North Carolina.
The surface inverted trough developed from the cyclone



190 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 6-10. Two examples of heavy snowfall associated with a surface low and an inverted surface trough. Surface analyses at (top) 1230
UTC 29 Mar 1942 and (bottom) 1830 UTC 26 Dec 1947, including surface temperature (�F), winds (conventional notation), pressure (064
� 1006.4 hPa), and pressure tendency (�41 ��4.1 hPa per 3 h). Total snowfalls for each storm are shown at right.

center northward into southern New England, while a
coastal front (see Sanders 1990; Maglaras et al. 1995;
Roebber et al. 1994) developed within the trough across
eastern Long Island, separating oceanic-modified air
with temperatures in the 40�s (�F; 5�–10�C) across east-
ern Long Island from temperatures in the 20�s (�F;�5�C)
across western Long Island (Fig. 6-11b). Melted pre-
cipitation amounts in the area of heavy snow exceeded
1.5 in. (3.7 cm). Operational numerical models hinted
at the development of an inverted trough but greatly
underestimated precipitation amounts associated with
this feature.

d. 21 March 1992

A very heavy, localized snowstorm affected Portland,
Maine, and surroundings on the morning of 21 March

1992 (Bosart and Bracken 1996). Over 25 in. (60 cm)
of snow fell in the area within 12 h and was associated
with the development of an inverted trough extending
north of the developing surface cyclone over the western
Atlantic (Fig. 6-12) associated with a mesoscale dis-
turbance aloft. Bosart and Bracken (1996) have de-
scribed the presence of cyclonic development to the
northwest of an oceanic cyclone as a source for ‘‘sur-
prise’’ mesoscale snowfall phenomena. Bosart and
Bracken hypothesize that the snowband is a mesoscale
response to enhanced baroclinicity and reduced static
stability near the coast coupled with the passage of a
cyclonic vorticity maximum in very cold air aloft. A
confluent airstream, with a moist northeasterly flow
warmed and destabilized by the underlying ocean and
a cold north-northwesterly flow with an overland tra-
jectory to the west of the boundary focus the baroclin-
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FIG. 6-11. (top) Total snowfall for 13 Dec 1988. (bottom) Surface analysis at 2200 UTC
13 Dec 1988. Red and blue line represents coastal trough/front, dashed lines are isotherms,
and surface observations are conventional notation.
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FIG. 6-12. (top) Total snowfall for 21 Mar 1992. (bottom) Surface analysis at 0900 UTC 21 Mar 1992 (derived from
Bosart and Bracken 1996).
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icity into a narrow zone, where low-level convergence
and associated ascent in a very narrow region resulted
in the heavy snowfall around Portland. Operational fore-
cast models failed to predict any precipitation over east-
ern Maine prior to the event.

These examples of heavy snow events associated with
surface inverted pressure troughs extending north or
west from an oceanic surface low appear to have several
characteristics in common. First, the heaviest snow is
located to the north, northwest, and west of the trough
axis. Second, the surface trough appears to be associated
with a distinct upper-level trough although the main
cyclone associated with the upper trough can be located
well to the south and east of the surface trough axis. In
some cases, there is evidence of two distinct troughs
and associated vorticity maxima, with the northern up-
per-level system related specifically to the surface
trough while the southern upper-level system is asso-
ciated with the more pronounced cyclone. Third, the
snow developed fairly rapidly and remained localized
near the apex of the inverted trough. Finally, the op-
erational numerical models seem to capture the upper-
level features associated with these events and at times
provide indications of the inverted surface troughs in
the sea level pressure forecasts. However, the models
still have problems capturing the mesoscale ascent pat-
terns and associated precipitation rates, tending only to
predict the primary surface low far to the south and east
of the areas affected by the local snow event.

In this and the previous section, some of the meso-
scale snowbands also appear to have been associated
with the process of frontogenesis, either aloft or near
the earth’s surface. Nicosia and Grumm (1999) empha-
sized the role of frontogenesis in combination with other
factors in a study of three mesoscale snowbands asso-
ciated with Northeast snowstorms. In this section, es-
pecially in the case of December 1988, the presence of
an inverted surface trough was sometimes indicative of
surface frontogenesis, occurring in conjunction with the
development of heavy snow. Therefore, any factor that
would contribute to frontogenesis, such as shearing or
confluent deformation, might be an important contri-
bution to mesoscale snow phenomena in a significant
number of cases, but further research is necessary to
clarify this point.

3. Gravity waves

Mesoscale gravity waves are mesoscale perturbations
in the surface pressure and wind fields induced by un-
balanced flow throughout the troposphere. These me-
soscale features can result in enhancements of conver-
gence–divergence patterns, and associated vertical mo-
tion fields, that act to enhance snowfall rates in one area
while inhibiting precipitation in others, while also gen-
erating strong surface winds (see Brunk 1949; Tepper
1954; Bosart and Cussen 1973; Uccellini 1975; Lindzen
and Tung 1976; Hooke 1986; Bosart and Sanders 1986;

Uccellini and Koch 1987; Ferretti et al. 1988; Bosart
and Seimon 1988; Schneider 1990; Koch and
O’Handley 1997; Bosart et al. 1998). These mesoscale
pressure perturbations can last for many hours and ex-
tend over hundreds to thousands of kilometers and en-
hance precipitation rates over small areas for short pe-
riods of time. The waves tend to occur poleward of a
warm frontal boundary, near the inflection point be-
tween and upstream upper trough and downstream ridge
and downstream of an upper- tropospheric jet streak
(Uccellini and Koch 1987). The waves appear to be the
result of a combination of shearing instability, geo-
strophic adjustment, convection, orography, and wave-
conditional instability of the second kind (CISK; see,
e.g., Uccellini and Koch 1987; Koch and Golus 1988;
Koch and Dorian 1988; Koppel et al. 2000).

Gravity waves have been the subject of research on
winter storms (Bosart and Cussens 1973; Bosart and
Sanders 1986; Uccellini and Koch 1987; Schneider
1990). Bosart and Sanders examined gravity wave con-
ditions during the February 1983 ‘‘Megalopolitan’’
Snowstorm, noting the movement of a region of strong
pressure fluctuations and associated enhancements in
snowfall and occurrence of convective activity. Schnei-
der (1990), Powers and Reed (1993), and Pokrandt et
al. (1996) also examined a gravity wave event during
a Midwest snowstorm on 15 December 1987, during
which several disturbances created ‘‘whiteout’’ blizzard
conditions accompanied by surface pressure falls of as
great as �11 hPa per 15 min. In the 15 December 1987
case, the gravity waves induced surface pressure minima
that were actually lower than the pressure observations
at the cyclone center itself. A winter storm in January
1994 (Bosart et al. 1998) was notable for multiple grav-
ity wave events, which spawned some incredibly heavy
snows.

Gravity waves have been noted within a number of
Northeast winter storms. According to A. Seimon (2002,
personal communication; Seimon is a gravity wave an-
alyst who is well known for his ability to detect and
analyze gravity waves and predict subsequent impacts
in real time), a gravity wave during a snowstorm from
Ohio to New England on 19 January 1987 was asso-
ciated with heavy snowfall rates in advance of the wave,
pressure falls of up to 9 hPa in less than an hour, and
a precipitation-free region following wave passage dur-
ing a time when heavy snow was expected. Gravity
wave activity was also observed during the January
2000 snowstorm over the Northeast. More detailed ex-
amples of snowstorms within the Northeast urban cor-
ridor influenced by gravity waves are summarized be-
low.

a. 11 February 1983

During the Megalopolitan Snowstorm of February
1983, a singular gravity wave (Fig. 6-13a) with a prop-
agation rate derived at 15–25 m s�1 moved rapidly
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FIG. 6-13. (a) Gravity wave isochrone analysis for 1300 UTC 11
Feb–0400 UTC 12 Feb 1983. (b) Manually prepared surface analysis
for 1700 UTC 11 Feb 1983. Mean sea level isobars (solid, every 2
hPa). Plotting format of conventional surface observations. [Derived
from Bosart and Sanders (1986).]

northeastward through the Northeast urban corridor be-
fore accelerating toward northern New England (Bosart
and Sanders 1986). Rapid pressure falls and rises ac-
companied the passage of the wave, increasing to a max-
imum of 6 hPa h�1 pressure falls and 8 hPa h�1 pressure
rises after 1700 UTC 11 February. A surface analysis
(Fig. 7-13b) shows evidence of the wave at 1700 UTC
11 February over northern Virginia with a pronounced
pressure trough along the Chesapeake Bay. This gravity
wave event was accompanied by an increase in north-
easterly winds as pressure fell, followed by their weak-
ening accompanied by some wind shifts to the northwest
as the pressure rose. It was also accompanied by very
heavy snow and snow pellets at the wave crest. The
events were also accompanied by lightning and thunder
as the precipitation increased with the approach of the
wave crest similar to what has been observed in a mid-
western spring convective case (Uccellini 1976). This
case is one of the best documented examples of the
ability of gravity waves to enhance precipitation rates
as a wave ridge approaches and to decrease precipitation
rates (but enhance wind speeds) as the wave trough
approaches.

b. 4 January 1994

Another particularly interesting example of a gravity
wave influencing the structure of a Northeast snowstorm
occurred on 4 January 1994 (Bosart et al. 1998). A high-
amplitude gravity wave propagated from North Carolina
northeastward through Maine in only 12 h (Fig. 6-14b),
propagating at speeds approaching 35–40 m s�1. The
gravity wave was accompanied by rapid pressure falls
reaching 13 hPa per 30 min, rivaling pressure tendencies
observed in landfalling hurricanes. Sea level pressure
fell 11 hPa in only 28 min at Providence, Rhode Island,
and 9 hPa in only 8 min (!) at Bedford, Massachusetts
(Fig. 6-14). The gravity wave was associated with a
number of pressure fall–rise couplets that complicated
the analysis of surface weather conditions (Fig. 6-14c).
As the wave approached, heavy precipitation and in-
creasing wind speeds caused havoc along the Northeast
coast. As the wave passed, precipitation ended, pro-
ducing a ‘‘hole’’ in the overall precipitation shield as-
sociated with the cyclone [see satellite imagery in Figs.
12 and 19 of Bosart et al. (1998)]. Numerous reports
of rapid rises and falls in sea level pressure along the
Northeast coast accompanied this disturbance. Large sea
level oscillations (seiches) associated with wave passage
occurred in coastal waters off Rhode Island and Maine
(Bosart et al. 1998).

4. Mesoscale snowfall related to elevation,
thundersnow, and ‘‘bay effect’’ snow squalls

Elevation can also play a key role in the snowfall
distribution, exhibited by the late season storm of 9 May
1977 (volume II, chapter 12, Fig. 12.2-9). During some
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FIG. 6-14. (a) The 1-min pressure vs time (UTC) for Bedford, MA. (b) Gravity wave isochrone analysis for 0700–1900 UTC 4 Jan 1994.
(c) Manually prepared surface analysis for 1350 UTC 4 Jan 1994. Mean sea level isobars (solid, every 2 hPa). Plotting format of conventional
surface observations. [From Bosart et al. (1998).]
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snowfall events, small changes in elevation and local
changes in precipitation intensity can spell the differ-
ence between a sloppy mixture of rain and snow and
rapidly accumulating heavy snowfall. During the snow-
storm of 18–21 March 1958, elevation played an im-
portant role in enhancing snow amounts across Penn-
sylvania and Maryland, where 30–50 in. (75–125 cm)
fell (volume II, chapter 10.3, Fig. 10-3.1) in the foothills
of the Appalachian Mountains, while much smaller
amounts were observed at low elevations. During early
and late season snowfall, elevation plays a crucial role
in snowfall distribution and also plays a role in en-
hancing (or suppressing) ascent as well.

The occurrence of thunder and lightning is another
interesting mesoscale phenomenon that occurs with
some heavy snow events. As noted for the February
1983 snowstorm described earlier, some of these events
are associated with gravity wave disturbances (Bosart
and Sanders 1986; Schneider 1990) but others are not
(i.e., Schultz 1999). In Washington 4–6 in. (10–25 cm)
of snow fell within a 2-h period on 9 March 1984 with
a region of thunderstorms associated with a developing
coastal storm [Fig. 6-15; Kocin et al. (1985)]. During
the following winter, a summerlike line of thunder-
storms on 25 January 1985 was accompanied by heavy
snow, leaving 1–2 in. (2.5–5 cm) in the Washington
metropolitan area and up to 5 in. (12.5 cm) at Bel Air,
Maryland, accompanied by strong wind gusts. The oc-
currence of lightning and thunder with Northeast snow-
storms has been documented for at least 14 of the 30
cases examined in depth, having been reported in at least
one of the five major metropolitan airports. (These cases
include the snowstorms of March 1956, February 1958,
March 1958, March 1960, January 1966, December
1966, February 1972, February 1978, April 1982, Feb-
ruary 1983, February 1987, March 1993, January 1996,
and December 2000.) The occurrence of thunder and
lightning is likely much higher than indicated here. It
appears that electrical activity is a common feature in
these severe snowstorms, indicating the importance of
convection as an integral component of the cyclone that
can act to enhance snowfall rates.

The destabilization and moistening of cold air flowing
across relatively warm water is an obvious snow mech-
anism around and downwind of the Great Lakes (i.e.,
Niziol et al. 1995; Ballentine et al. 1998; Kristovich et
al. 2000). An example is the crippling 25-in. (63 cm)
snowfall that fell over an 8-h period in Buffalo, New
York, on 18 November 2000 and the record 7-ft (210
cm) snowfall over 4 days in late December 2001. The
impact of warmer water can also be observed along the
East Coast, especially along the Massachusetts coast
near Cape Cod, Delaware Bay, and the Chesapeake Bay.
On 18 January 1997, a cold, westerly airflow created a
narrow snowband just south of the southern coast of
New England (Fig. 6-16a). In this case, Nantucket re-
ceived 8 in. (20 cm) of snow while Edgartown on Mar-
tha’s Vineyard received only 0.8 in. (2 cm). More typ-

ically, north-northwesterly flow will produce narrow
bands of snow developing along the Massachusetts Bay
and across portions of Cape Cod with locally heavy
snow. Cold air funneling southward along the Chesa-
peake Bay has also resulted in ‘‘bay-effect’’ snow show-
ers over southeastern Virginia. One such occurrence is
shown in radar images presented in Fig. 6-16b on 25
December 1999. In some instances, the snowbands can
occur within a larger-scale cyclonic weather system
(Fig. 6-17) and result in localized areas of heavy snows,
as occurred during the snowstorm of 14 January 1999
over eastern Massachusetts (Figs. 6-17a and 6-17b).

A final example of an even more isolated mesoscale
snow event occurred on the night of 6/7 December 1977.
A very heavy snow squall produced about 4 in. (10 cm)
of snow in less than an hour at the Pennsylvania State
University campus in State College, Pennsylvania, an
unusually intense snow squall in a location that typically
gets no more than an inch (2.5 cm) from ‘‘lake effect’’
snow showers due to its location relatively far removed
from the Great Lakes and to the local topography. The
following morning, Dover, Delaware, reported 5 in.
(12.5 cm) of new snow on the ground. An examination
of satellite imagery shows that the same snow squall
was responsible for a very narrow snowband less than
20 km in width, spanning these two locations. This
snowband is an example of a small mesoscale event,
with an areal width bordering on the microscale (see
Fig. 6-1) but since it occurred over a period of several
hours as it moved from central Pennsylvania to Dela-
ware put this event clearly in the mesoscale. The origin
and evolution of this narrow band of snow has not been
documented.

5. Other mesoscale considerations

a. The rapid development of snowfall

The accurate prediction of how much and where
heavy snowfall will occur is one of the great challenges
in operational meteorology today. That challenge is
based on the ability to identify, predict, and diagnose
the various scales in which snowfall organizes, from
snowbands that extend for hundreds of kilometers and
can cover thousands of square kilometers, to the snow
squall just mentioned, which may be no more than 20
km wide. The Northeast snowstorm of 30 December
2000 (see volume II, chapter 10.30) captures several
examples of some of the mesoscale forecast challenges
that are associated with Northeast snowstorms. This
storm left 12 in. (30 cm) of snow in New York City
and more than 25 in. (63 cm) in parts of northern New
Jersey. Nearly 10 in. (25 cm) of snow fell in Philadelphia
but nearly no snow fell just 20 mi (30 km) to its south-
west.

Early numerical weather forecasts of this storm had
been pointing to a possible Northeast snowstorm as
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FIG. 6-15. Sequence of GOES-8 infrared satellite imagery at 1800 and 2100 UTC 8 Mar and 0000 UTC 9 Mar
1984. Arrows point to region of developing convection associated with the secondary development of a surface
low pressure system over VA.



198 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 6-16. NEXRAD images of ‘‘lake effect’’-type snowbands: (a)
18 Jan 1997, clear-air mode reflectivities of snowband off southern
New England; and (b) 25 Dec 1999, reflectivities of a Chesapeake
‘‘Bay effect’’ snowband near Norfolk, VA.

FIG. 6-17. Snowfall enhancement due to lake-effect-type snow-
bands on 14 Jan 1999: (a) clear-air mode reflectivities of snowbands
over eastern MA and (b) total snowfall (in.). Shading represents snow-
fall exceeding 10 in. (25 cm).

much as a week (or more) in advance. As the event
drew closer, it appeared more and more likely that a
significant low pressure system would develop off the
mid-Atlantic coastline. Winter storm watches went up
from the middle Atlantic states to New England. A sig-
nificant Northeast snowstorm did eventually occur but

it was marked by much mesoscale detail that illustrates
some of the complexities involved in trying to forecast
‘‘synoptic scale’’ weather systems that always contain
mesoscale details that pose significant challenges to the
forecast community.

One of the mesoscale considerations with this storm
was the sudden onset of cyclogenesis and precipitation.
Although most numerical models predicted the onset of
cyclogenesis between 0000 and 0600 UTC 30 December
2000, there was little obvious evidence immediately pri-
or to this period of the upcoming cyclogenesis and pre-
cipitation development. Between 0000 and 0500 UTC
30 December, cyclogenesis commenced and the surface
low deepened rapidly through 1000 UTC 30 December,
just southeast of New York City (Fig. 6-18).

A second mesoscale consideration for this case was
the rapid development and expansion of the heavy
snow. At 0000 UTC 30 December (Fig. 6-18a), some
weak radar echoes indicating precipitation aloft are
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FIG. 6-18. (top) Surface analyses at 0000, 0500, and 1000 UTC 30 Dec 2000. (bottom) Surface observations and composite radar
imagery (gray shading) at 0003, 0505, and 1022 UTC 30 Dec 2000. Times refer to those of the radar imagery.

noted over Virginia and the mid-Atlantic coast but no
reports of precipitation reaching the ground. Surface
analyses at this time indicated an inverted surface pres-
sure trough off the mid-Atlantic coast but no distinct
low pressure center, with lowest pressures around 1009
hPa. Five hours later (Fig. 6-18b), a 1005-hPa low
pressure center had now developed east of Elizabeth
City, North Carolina, with a broken band of precipi-
tation forming east of the mid-Atlantic coast. At this
time, there were a few reports of light freezing rain
now reaching the surface in portions of southeastern
Virginia and the eastern shore of Maryland. Within the
next 5 h (Fig. 6-18c), the precipitation organized and
expanded rapidly northward across New Jersey and
southeastern New York by 1000 UTC. In this last 5-h
period, most reporting stations in New Jersey went

from cloudy skies to heavy snow, with heavy snow
also falling in New York City and its northern suburbs,
as well. The surface low was now located east of the
Delmarva Peninsula coast with an estimated central
pressure having fallen to 998 hPa.

In this case, the critical period for the forecast oc-
curred between 0500 and 1000 UTC, when a small,
broken area of precipitation quickly organized and in-
tensified over a region home to more than 15 million
people. Remarkably, several weather forecast models
appeared to predict the timing and location of the cy-
clogenesis with a considerable amount of skill although
the rapid expansion of the snowfall was not forecast
nearly as well. The rapidity with which the snowfall
expanded and intensified are important mesoscale as-
pects of this case because in those few hours, crippling
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snowfall rates quickly impacted millions of lives, for-
tunately, while most people slept.

A third mesoscale aspect of this storm was the ex-
ceptionally sharp transition zone between no snow and
heavy snow (Fig. 6-19). This zone was so sharp that
residents of Washington, Baltimore, and much of eastern
Pennsylvania awoke to a sunny, calm, frosty morning,
despite predictions of heavy snow. This tranquil weather
stood in stark contrast to the heavy snow falling in near-
by Philadelphia and in New York City. The transition
zone between heavy snow and little or no snow occurred
across the Philadelphia metropolitan area where the
western suburbs saw little or no snow while portions of
the eastern and northern suburbs reported as much as a
foot (30 cm) of snow.

A fourth mesoscale aspect of this storm, and also
impacting many other storms, provided an additional
challenge for forecasters: the rain–snow line. This fea-
ture was observed later in the storm’s evolution over
much of New England and spelled the difference be-
tween more than a foot (30 cm) of snow and much
lighter snowfall accumulations. Much of central and
eastern New England was spared heavy accumulations
because of a changeover from snow to either mixed
precipitation or rain.

These critical mesoscale ‘‘transition zones’’ between
heavy and no snow, as well as between snow, mixed
precipitation, and rain can represent some of the most
significant mesoscale forecast considerations during any
given winter event. As shown in Fig. 6-20, the incredible
variety of precipitation types, changovers, and combi-
nations during a given winter storm poses tremendous
challenges to forecasters. The amount of detail inherent
in these storms is complex, and the ability to diagnose
and forecast the subtle changes that can have profound
effects on whether a given area receives a crippling
snowstorm, freezing rain, rain, or no precipitation at all
is a task requiring some extremely sophisticated nu-
merical predictions and an enhanced appreciation on the
part of forecasters of the mesoscale character of these
storms that make or break any forecast. Part of the chal-
lenge in predicting where the heaviest snow will occur
is often related to predicting the sharp cutoff of snow
at the northern and western edge and where the rain–
snow transition region will be.

b. Northern and western edge of heavy snow

As noted above, the northern or western edge of the
heavy snows often has a sharp cutoff between heavy
snowfall and little or no snowfall. During the snowstorm
of January 1961 (Fig. 6-21a), several localized regions
of snowfall accumulations exceeding 20 in. (50 cm)
occurred, mostly toward the northern edge of the larger-
scale area of heavy snow. Another example is the in-
terior snowstorm of March 1994 (Fig. 6-21b), which
shows a classic synoptic-scale snowband extending
from western Virginia northeastward to central New

York. However, the region of heaviest snows (from 20
to more than 30 in.; 50 to 75� cm) is found very close
to the northwestern edge of the heavy snows rather than
symmetrically in the center of the band. The 30 De-
cember 2000 snowstorm also displayed a band of very
heavy snow along the northwestern edge of the precip-
itation shield, with a sharp gradient between heavy snow
and no snow. As mentioned earlier, the Philadelphia
metropolitan area was located within this sharp bound-
ary, with heavy snows in the city and little snow in the
western suburbs.

This relationship between the locations of the heaviest
snows sometimes along the northwestern edge of the
precipitation shield lends to some very difficult forecast
situations in which forecasters must decide whether
there will be heavy snowfall or none at all. For example,
a major cyclone may develop well offshore and fore-
casters can have a mesoscale forecast problem with pre-
dicting where and whether the western edge of the heavy
snowband will become established onshore or offshore.
Suddenly, a forecast of no snow will change to a forecast
of heavy snow with a small shift of the precipitation.
Portions of eastern Long Island and southeastern New
England can be affected, with heaviest snows from Bos-
ton to Cape Cod and the islands of Martha’s Vineyard
and Nantucket, or across eastern Maine.

Two significant New England snowstorms are shown
in Figs. 6-22a and 6-22b as examples. The storm of 28
February 1952 has been described as the most severe
to strike Nantucket, with hurricane force winds and
more than 20 in. (50 cm) of snow. Significant snows
fell as far west as Boston and Providence but diminished
rapidly just west of these locations. A similar storm
brought crippling conditions to Cape Cod on 9 February
1987. The snowstorm of 16-17 December 1981 (Fig. 6-
22b) is another example of heavy snow along the north-
western edge of the precipitation band associated with
a strong offshore cyclone (see Sanders 1986) that was
originally forecast to remain too far offshore to produce
heavy snow. Heavy snows backed into eastern New
England, producing an unexpectedly heavy snowfall.
On 24 February 1989, the heart of the Northeast urban
corridor from New York City to Washington was faced
with the threat of heavy snow as a slow-moving cyclone
moved northeastward just east of the Atlantic coast.
Blizzard conditions raged across eastern Virginia, the
Delmarva Peninsula and eastern New Jersey, with up
to 19 in. (48 cm) in southeastern New Jersey (Fig. 6-
22c). However, a tremendous gradient in snowfall ex-
isted along the western edge of this snowband, and the
metropolitan areas of Washington, Baltimore, Philadel-
phia, and New York escaped with no snow despite heavy
accumulations only 100 km to their east-southeast. The
snowstorm of 26 February 1999 (Fig. 6-22d) is a final
example of an offshore storm where forecasters were
unsure whether it would remain offshore or clip eastern
New England. The western edge of the storm left 12
in. (30 cm) of snow or greater from the eastern tip of
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FIG. 6-19. (top) NEXRAD base reflectivity at 1314 UTC 30 Dec 2000 showing the
sharp western edge of the snowband. (bottom) Total snowfall acccumulation [in.; blue
represents 10 in. (25 cm) or greater; green represents 20 in. (50 cm) or greater] following
the storm.
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FIG. 6-20. Schematic of precipitation type variability for a hypothetical Northeast winter storm.

Long Island through Cape Cod where up to 20 in. (50
cm) fell. These cases are all examples of intensifying
offshore cyclones with the northwestern edge of the
snowfall clipping the coastline.

During the New England snowstorm of 6-7 February
1978 (see volume II, chapter 10.17, Fig. 10.17-1), snow
expanded westward around an intensifying upper-level
cutoff low. The western edge of the snow proved to be
a mesoscale forecast problem for the Baltimore–Wash-
ington area. In Washington and to the west, accumu-
lations were an inch or two (2.5–5 cm) at most, while
the near-eastern suburbs measured 6 in. (15 cm) of wind-
blown snow; Baltimore measured 9 in. (23 cm) and up
to 18 in. (45 cm) fell near the Chesapeake Bay. The
January blizzard of 1996 (volume II, chapter 10.27, Fig.
10.27-1) and the Megalopolitan Snowstorm of 11 Feb-
ruary 1983 (volume II, chapter 10.20, Fig. 10.20-1) both
exhibited sharp northern edges to the heavy snows. For
example, Albany, New York, measured only an inch of
snow during the 1996 blizzard while locations only 50
km south measured 20 in. (50 cm). In both cases, nu-
merical model forecasts initially underforecast the
northward expansion of the northward edge of the heavy
snow, resulting in forecast underpredictions in what
were generally two fairly predictable events.

Nicosia and Grumm (1999) noted that bands of heavy

snow are often located on the northwestern edge of the
synoptic region of snowfall associated with these snow-
storms and further contribute to the sharp boundary be-
tween no snow and very heavy snowfall concentrated
in a narrow band. A combination of frontogenesis found
in a region characterized by negative values of equiv-
alent potential vorticity, combined with low values of
conditional symmetric stability, and a related frontal
circulation regime focus a vertical ascent pattern near
the northwest boundary of the larger snow shield as-
sociated with the synoptic surface low. In another in-
vestigation of heavy precipitation along the northwest-
ern edge of a storm’s precipitation field, Martin (1999)
used a numerical simulation to examine the role of front-
ogenesis and quasigeostrophic forcing of heavy precip-
itation in the northwestern sector of several cyclones,
including the 1 April 1997 New England snowstorm
(see volume II, chapter 10.28). Martin showed that the
precipitation in the northwestern sector of the storms
(sometimes called wraparound precipitation) originated
in the warm sector of the storm and was associated with
a ridge of relatively warm air aloft that had a sharp
northwestern edge enhanced by distinct deformation
patterns. The sharp northwestern edge may align with
the sharply rising western boundaries of the warm and
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FIG. 6-21. Examples of heaviest snow located along the northwestern edge of the synoptic-
scale snowband: (a) 19–20 Jan 1961 and (b) 2–3 Mar 1994.

cold conveyor belts where strong, confluent flow is
found.

c. Evolution of the rain–snow line

Forecasters are rarely presented with a straightfor-
ward situation in which one form of precipitation will
be the only form of precipitation during the storm event
(i.e., Keeter and Cline 1991). There often are distinct
areas that receive either rain or snow, but in terms of
the transitional region it is often difficult to observe,
model, and forecast the changing vertical temperature
and moisture profiles during a winter storm that can
result in small transitional regions of mixed rain and
snow, ice pellets, and freezing rain. Other storms may
be dominated by large areas of mixed precipitation or
precipitation that changes phase over time, as shown in
Fig. 6-20.

Precipitation type is related to the melting behavior
of snow and the depth of warm layers in the lower

troposphere that overlay colder temperatures near the
surface (Stewart 1985). The evolution, location, and
width of transition zones between rain, mixed precipi-
tation, and snow are critical concerns in forecasting
heavy snow. A 20–100-km difference between the fore-
cast and actual location of the rain–snow line has a
tremendous impact on the millions of residents of the
Northeast urban corridor. Critical changes in tempera-
tures over small distances and over relatively small ver-
tical layers can mean the difference between mixed rain
and snow or a crippling snowfall. As an example, the
lead author deliberately drove his car through a tran-
sition zone of a mixed-precipitation winter storm in De-
cember 1996 in Maryland over a period of several hours
to observe its spatial and temporal evolution. In this
instance the transitional region, which separated mostly
rain from accumulating snow, consisted of rain, snow,
and a few ice pellets and was no greater than 20 km in
width. In addition, this transitional area oscillated slow-
ly northward and southward over a distance of 3–4 km
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FIG. 6-22. Examples of snowstorms in which the northern and western edge of the storm presented
forecast challenges to the major metropolitan centers. (left) Surface analyses at 0030 28 Feb 1952,
1200 UTC 6 Dec 1981, 1200 UTC 24 Feb 1989, and 1200 UTC 26 Feb 1999. (right) Total snowfall
for each event [shading: accumulations exceeding 10 in. (25 cm)].



C H A P T E R 6 205S N O W F A L L D I S T R I B U T I O N

FIG. 6-23. Temperature (solid red line, �C) and dewpoint temper-
ature (dashed green line, �C) for station IAD at (a)1200, (b) 1800,
and (c) 2100 UTC 22 Feb 1986, and (d) 0000 UTC 23 Feb 1986.
Soundings are plotted on a skew T–log p diagram, which includes
pressure (horizontal blue line, hPa) and temperature (angled violet
line, �C). [From Homan and Uccellini (1987, their Fig. 17).]

over a period of a couple hours. An extreme example
of a transitional zone was found with the early season
coastal storm of 25–26 November 1971, an ‘‘interior
snowstorm’’ (see chapter 5 and volume II, chapter 11.1).
This storm was characterized by a report (NOAA 1971)
of only 7 mi (11 km) separating more than 12 in. (30
cm) of snow from no accumulation on a line from north-
western Rhode Island through eastern Maine.

Snow is associated with below freezing temperatures
throughout the entire troposphere, although tempera-
tures may be above freezing for a small depth near the
surface. In general, the aggregation of snow crystals is
temperature dependent with high aggregation rates near
0�C (Stewart et al. 1984). Therefore, larger flakes are
expected as temperatures approach freezing. The depth
of above freezing temperatures must be sufficient to melt
all the snow before it reaches the surface. Because the
latent heat of fusion is extracted from the air during
melting, an isothermal layer at 0�C is usually present
through a depth of 200–300 m (Stewart et al. 1984).
The boundary between rain and snow is characterized
by an isothermal 0�C layer about 1 km deep (Stewart
1985).

As discussed in chapter 5, freezing rain occurs when
snow melts completely in an upper inversion before fall-
ing into a lower subfreezing region. Temperatures in the
lower region are not low enough or the layer is not deep
enough to allow refreezing to ice pellets to occur. Ice
pellets occur when snow partially melts and refreezes
before reaching the surface (see Fig. 5-24 for examples
of soundings taken during freezing rain and ice pellet
events). Often, the regions experiencing a transition be-
tween one or another precipitation type occurs over a
relatively small domain and is therefore a mesoscale fore-
cast problem. Stewart and King (1987) determined the
width of the transition regions for two separate storms,
including one whose width varied between approximately
40 and 65 km while the other case exhibited a transition
zone width as small as 11 km. Stewart (1992) also reports
cases in which the transition region remained over one
location for as long as 9–12 h.

Occasionally, rain may unexpectedly change to snow
due to evaporative cooling [Fig. 6-23; see Homan and
Uccellini (1987)] or when melting of snowflakes be-
comes a dominant process in atmospheric cooling (Wex-
ler et al. 1954; Bosart and Sanders 1991; Kain et al.
2000). Early on 22 February 1986, forecasters in the
Washington area pondered not only whether there would
be precipitation but also whether the precipitation would
fall as rain or snow. During the afternoon of 22 Feb-
ruary, surface temperatures approached 3�C while early
morning soundings at Washington Dulles International
Airport (IAD) indicated that 850-hPa temperatures were
2�C. With such information, the rain versus snow fore-
cast was a difficult one since forecasters needed to de-
termine if the relatively mild air at 850 hPa could be
cooled sufficiently by evaporative cooling to produce
snow rather than rain. With rawinsonde observations
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FIG. 6-24. Radar depiction of snowfall on 13 Mar 1993 as seen
from (a) a WSR-57 radar at Patuxent, MD, and (b) a WSR-88D radar
from the Sterling, VA, National Weather Service office.

available only every 12 h, it would have been impossible
to observe vertical temperature changes. However, da-
tasets available from the Genesis of Atlantic Lows Ex-
periment (GALE; Dirks et al. 1988) contained 3-hourly
soundings at various operational sounding sites, includ-
ing Dulles airport near downtown Washington (Fig. 6-
23) that show the effect of evaporation on initially dry
air below 700 hPa. As the initial precipitation fell
through this layer and evaporated, the air cooled from
initial readings of 2�–3�C to a temperature just below
0�C as the entire column became saturated. The avail-
ability of soundings at 3-h intervals was crucial in mon-
itoring critical temperature and moisture changes that
influenced the changeover from mixed rain and ice pel-
lets to moderate and heavy snow.

Cooling due to melting snowflakes also may be suf-
ficient in marginal rain versus snow situations to allow
heavy wet snow to fall, rather than rain. This factor was
significant during the early season snowstorm of 3–4
October 1987 [see Bosart and Sanders (1991); also see
volume II, chapter 12.1), as well as a high-elevation
Appalachian snowfall in February 1998 (Kain et al.
2000).

6. Concluding remarks: Impact of NEXRAD
radars

The deployment of the Next-Generation Doppler Ra-
dar (NEXRAD) in the early 1990s (Crum and Alberty
1993; Friday 1994) has greatly improved the ability to
observe the mesoscale structure inherent in snowstorms
and has provided the forecasters an important tool to
describe the mesoscale character of the snowfall as it
is evolving and to make more accurate short-term fore-
casts. A comparison of reflectivity patterns from the old
radars and the NEXRAD radar is shown in Fig. 6-24
and illustrates this advance. As a result, more detailed
forecasts and related updates are presently issued to the
public that account for short-term changes in snowfall
rate based on radar observations. The radars have pro-
vided the technology to observe the presence of multiple
snowbands that appear to characterize many snow-
storms, as well as other structures, including gravity
wave phenomena. Recognition of the many ways that
snowfall appears on the radars ultimately will provide
more insight into the mechanisms that generate them.
In any event, the examples provided in this chapter il-
lustrate how the deployment of the NEXRAD Doppler
radar system has allowed forecasters (and the general
public) to actually see the structure of the snowfall and
better anticipate the mesoscale structure of the snowfall
and to forecast exactly where the heaviest snowfall is
occurring. This new ability to observe the mesoscale
structure of Northeast snowstorms will allow the fore-
cast community to better describe and predict these
events as well as contribute to our understanding of their
formation mechanisms. In the following chapter, the
many physical processes that contribute to the meso-
scale and synoptic-scale development of Northeast
snowstorms are discussed.



207

Chapter 7

DYNAMICAL AND PHYSICAL PROCESSES INFLUENCING
NORTHEAST SNOWSTORMS

Analyses of the surface pressure, and upper-level geo-
potential height, wind, temperature, and moisture, plus
other selected diagnostic fields described in the preced-
ing chapters, all provide a framework for understanding
the many processes that contribute to heavy snowfall in
the northeast United States. The complex interactions
of cyclonic and anticyclonic weather systems, upper-
level troughs, ridges, and jet streaks, influenced by
mountains, coastal boundaries, and ocean currents, point
to a wide array of dynamical and physical processes that
are critical for the development of Northeast snow-
storms (see Table 7-1).

In this chapter, brief descriptions of the relevant pro-
cesses are provided to show how each influences the
development of these storms. Although the processes
are treated separately to identify their individual con-
tributions, the discussion then focuses on their nonlinear,
synergistic interactions, which are crucial for generating
the organized regions of heavy snowfall observed in
many of these cases. Then, the relationships between
upper-level trough–ridge systems and jet streaks with
cyclogenesis from a potential vorticity perspective are
reviewed. The chapter concludes with a discussion of
Sutcliffe’s ‘‘self-development’’ concept, a basis for de-
scribing the interactions of dynamical and physical pro-
cesses that contribute to rapid cyclogenesis often as-
sociated with heavy snowstorms.

1. Cyclogenesis and upper-level processes

The analyses of the 30 snowstorms highlighted in
chapters 3 and 4 emphasize the dominant role of surface
cyclogenesis. The development of cyclonic disturbances
at sea level requires upper-level divergence to produce
a net reduction of mass and an associated reduction in
sea level pressures, in a region where the low-level wind
field is generally convergent. The net difference between
the divergence aloft and the low-level convergence is a
measure of the rate of surface cyclonic or anticyclonic
development, as deduced by Dines (1925), emphasized
by Sutcliffe (1939, 518–519), and later used to for-
mulate a ‘‘development equation’’ (Sutcliffe 1947) that
was further refined by Petterssen (1956). Bjerknes and
Holmboe (1944) related the vertical distribution of di-
vergence necessary to sustain cyclogenesis to the pres-

ence of upper-level trough–ridge patterns, with diver-
gence aloft, convergence near the earth’s surface, and
a level of nondivergence in the middle troposphere
downstream of the wave trough axis (Fig. 7-1a). A re-
versal of this pattern contributes to anticyclogenesis up-
stream of the trough axis.

The recognition that upper-level divergence is nec-
essary for surface cyclogenesis was coupled with the
requirement for a significant ageostrophic wind com-
ponent (Sutcliffe 1939; Bjerknes and Holmboe 1944).
Bjerknes and Holmboe related the pattern of upper-level
divergence associated with upper-level trough–ridge
systems in the geopotential height field to ‘‘longitudi-
nal’’ or along-stream ageostrophic wind components re-
sulting from cyclonic and anticyclonic curvature. Sub-
geostrophic flow at the base of a trough and super-
geostrophic flow at the crest of a ridge combine to en-
hance the divergence (convergence) downstream
(upstream) of the trough axis (Fig. 7-1a).

Bjerknes (1951) also discussed the likely contribution
from the ‘‘transverse’’ or cross-stream ageostrophic
wind components associated with upper-level wind
maxima known as jet streaks (see Palmén and Newton
1969, p. 199). Jet streaks embedded within the general
jet stream pattern enhance and focus upper-level diver-
gence and their resultant vertical motion fields (Fig. 7-
1b) and also contribute to surface high and low pressure
cells in the exit and entrance regions of the jets (Bjerk-
nes 1951; Riehl et al. 1952; Reiter 1969; Uccellini and
Kocin 1987; and others).

Meteorologists have long recognized that measuring
the divergence profile associated with cyclogenesis was
impractical (see, e.g., Austin 1951, p. 632; Petterssen
1956, p. 294), since upper-level wind measurements
were not sufficiently accurate to diagnose the relatively
small difference between the upper- and lower-level di-
vergence that governs surface pressure falls associated
with cyclogenesis. Since divergence was difficult to de-
termine due to unreliable and scarce wind measure-
ments, kinematic and dynamical diagnostics were de-
rived to approximate the divergence by applying the
vorticity and thermodynamic equations. These ap-
proaches related sea level cyclone development to cy-
clonic vorticity advection in the middle and upper tro-
posphere (see Sutcliffe 1939, 1947; Holton 1979, 119–
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TABLE 7-1. Meteorological phenomena involved in the development of Northeast snowstorms. Scales are defined as synoptic (24–48 h;
��2000 km) and large mesoscale or meso- (3–24 h; 100–2000 km).

Meteorological phenomena and scale
Important processes for the

development of Northeast snowstorms

Upper-level trough-ridge pattern
Synoptic

Provides source of vorticity and kinetic energy, upper-level diver-
gence, and associated ascent; amplification of this feature often
marked by decreasing wavelength, increasing amplitude, and the
development of diffluence downwind of a ‘‘negatively tilted’’
trough axis

Upper-level jet streaks
Meso-�

Increased upper-level divergence, kinetic energy, and vorticity and ad-
vection patterns; combination of jet streaks is an important factor in
juxtaposing cold and relatively warmer/moist air masses and en-
hances and focuses ascent patterns required for heavy snows

Processes in the lower troposphere, interactions with the Appa-
lachians, cold-air damming, coastal frontogenesis [meso-�
(and smaller)]

Focuses low-level baroclinic zone, ascent, and temperature advections
in a narrow region along the coast; coastal front enhances precipita-
tion rates

Low-level jet
Meso-�

Increases the transport of moisture into region of heavy snow, warm-
air advection, and associated ascent pattern; plays a significant ini-
tial role in focusing mass flux divergence contributing to the cyclo-
genesis along the coast

Cold anticyclone extending across the eastern Great Lakes,
southern Canada, or New England north of the incipient low

Synoptic

Provides cold air required to maintain snow along the coast, a process
augmented by upper-level confluent flow over the Northwest and
cold-air damming east of the Appalachian Mountains

Sensible and latent heat fluxes
Meso-� (and smaller)

Warms the lower troposphere by reducing the static stability of the
planetary boundary layer over the ocean; provides a continuing
source of moisture for heavy precipitation over a large area

Latent heat release
Meso-�

Provides extra heat for intensifying cyclogenesis and also enhances
the dynamic processes and associated deepening rates of the surface
cyclone through the self-development process

143), which could be readily diagnosed from the geo-
potential height fields. Using this method, the diver-
gence can be inferred from patterns of vorticity advec-
tions in upper troughs and ridges (Palmén and Newton
1969, 316–318), where maxima and minima in the vor-
ticity fields are typically found (Fig. 7-1c). The contri-
bution of jet streaks to the divergence could also be
inferred from the vorticity-advection patterns associated
with the enhanced wind shears on the cyclonic and an-
ticyclonic sides of the jet (Fig. 7-1d).

Charney (1947) recognized the importance of Bjer-
knes and Holmboe’s work relating upper-level troughs
to surface cyclogenesis, but also noted that many upper-
level troughs are observed without surface cyclogenesis.
Charney (1947) and Eady (1949) introduced the concept
of baroclinic instability, which identified preferred
wavelengths of trough–ridge systems that were likely
to produce cyclonic development and distinguished be-
tween troughs that induce surface cyclogenesis from
those that do not. The baroclinic instability theory also
points to factors other than upper-level troughs that help
to explain why, at certain wavelengths, the upper-level
trough–ridge systems amplify, with corresponding sur-
face cyclonic development. The thermal structure and
related advection patterns, with cold-air advection up-
stream of a trough and warm-air advection downstream
of the trough are noted as important elements in the
transformation of eddy potential to eddy kinetic energy
required to produce the amplifying wave systems nor-
mally associated with surface cyclogenesis.

With an approach based on the development equation,

Sutcliffe and Forsdyke (1950) and Petterssen (1955,
1956) offered the rather simple concept that cyclone
formation is favored when an upper-level trough,
marked by a cyclonic vorticity maximum and cyclonic
vorticity advections, approaches a frontal system or low-
level baroclinic zone, where thermal advections are
large. Sutcliffe and Forsdyke hypothesized that the low-
level thermal advection pattern could act to enhance the
upper-level vorticity advections, and thus the diver-
gence, in a manner that they termed self development
(also discussed by Palmén and Newton 1969, 324–326).
The vorticity and thermal advection concepts have since
been combined within the quasigeostrophic framework
(see, e.g., Holton 1979, chapter 7) and have been related
to the horizontal structure of tropospheric waves and
vertical circulation patterns that constitute cyclogenesis.
More recently, Keyser et al. (1989) and Loughe et al.
(1995) have devised and applied diagnostic techniques
that isolate the longitudinal and transverse circulations
associated with trough–ridge patterns and jet streaks,
respectively, that can be linked directly to the vertical
motions associated with cyclogenesis. This ‘‘� vector’’
approach has shown that both the longitudinal and trans-
verse components make important contributions to the
vertical circulation associated with cyclogenesis.

a. Surface cyclogenesis and upper-level trough–ridge
patterns

Surface cyclogenesis associated with Northeast snow-
storms involves either a primary low pressure center
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FIG. 7-1. (a) Schematic relating the along-stream ageostrophic wind at upper levels to patterns of divergence associated with an idealized
upper-level wave and surface high and low pressure couplets (after Bjerknes and Holmboe 1944). (b) Schematic of transverse ageostrophic
wind components and patterns of divergence associated with the entrance and exit regions of a straight jet streak (after Bjerknes 1951).
Vertical cross sections illustrate vertical motions and direct and indirect circulations in the entrance region (line A–A’) and exit region (line
B–B’) of a jet streak. Cross sections include two representative isentropes (dotted), relative positions of cold and warm air, upper-level
divergence, and horizontal ageostrophic wind components within the plane of each cross section. (c) Schematic of maximum (cyclonic) and
minimum (anticyclonic) relative vorticity centers and advections (nva, negative or anticyclonic vorticity advection; pva, positive or cyclonic
vorticity advection) associated with an idealized upper-level wave. (d) Schematic of maximum and minimum relative vorticity centers and
associated advection patterns associated with a straight jet streak.

that develops near the Gulf of Mexico or a secondary
low pressure center that develops along the Southeast
or Middle Atlantic coast (Fig. 7-2) and tracks north-
eastward approximately 100–300 km offshore. These
cyclone systems encompass a wide range of processes
throughout the depth of the atmosphere that 1) juxtapose
warm and cold air, 2) entrain huge amounts of water
vapor into the regions of precipitation, and 3) organize,
focus, and enhance ascent, all of which are necessary
for the production of heavy snow. The snowstorms also
require conditions that enhance low-level baroclinicity
near or immediately along the coastline and maintain

cold air over the coastal plain so that snow rather than
rain falls within the urban areas. Thus, an environment
conducive to heavy snowfall is usually not provided
solely by the presence of a cyclone, but also requires
an interaction with a cold anticyclone of Canadian or-
igin, poised to the north and northwest of the developing
storm system. Furthermore, the evolution of the cy-
clones that produce these snowstorms is linked to upper-
level trough–ridge and embedded jet streak patterns that
evolve in a manner consistent with the baroclinic in-
stabilities and self-development concepts noted above.

Although the evolution of the trough–ridge config-
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FIG. 7-2. Schematic representations of cyclogenesis associated with Northeast snowstorms. (left) ‘‘Gulf–Atlantic cyclones,’’ in which a
cyclone develops and moves northeastward from the Gulf of Mexico along the Atlantic Coast. Occasionally, new low pressure centers
develop farther northeastward along the path of the cyclone along the Atlantic coast and are termed center jumps. (right) ‘‘Atlantic coastal
redevelopments’’ occur as a primary cyclone nears the Appalachian Mountains, fills, and a secondary, new low pressure center forms along
the Atlantic coast. Solid lines are isobars and thin dotted lines represent isallobars for regions of greatest pressure falls.

uration varied from one storm to another (see chapter
4), 28 of the 30 cases displayed an increase of amplitude,
and all 30 cases showed a decreasing half-wavelength
between the trough and downstream ridge axes during
cyclogenesis (Fig. 7-3a). Both of these characteristics
are indicative of nonlinear processes that increase upper-
level divergence during surface cyclogenesis (see, e.g.,
Sutcliffe and Forsdyke 1950; Palmén and Newton 1969,
324–326). Furthermore, a marked diffluence of the up-
per-level height contours downstream of the trough axis
(Fig. 7-3b) was displayed in all 30 cases, which is an-
other signature of increasing upper-level divergence
over the developing cyclone (Scherhag 1937; Bjerknes
1954; Palmén and Newton 1969, 334–335). This pattern
was especially pronounced during the period of most
rapid cyclogenesis and the development of heavy snow-
fall. The diffluence of the height contours increased dra-
matically as the trough axes assumed a northwest to
southeast orientation, or what is commonly referred to
as a negative tilt (Fig. 7-3b).

All of the upper troughs contained one or more cy-
clonic vorticity maxima, producing the vorticity advec-
tion patterns that are commonly used to infer upper-
level divergence. Although the vorticity advections were
not directly evaluated for each case, the increasing am-
plitudes and decreasing wavelengths of the trough–ridge
systems suggest that cyclonic vorticity advection was
increasing over the East Coast during cyclogenesis in
many, if not all, cases. The vorticity maxima tracked
eastward or northeastward across the middle Atlantic
states in most of the cases. Heavy snowfall is much less
likely when the vorticity maxima propagate to the west
or north of the region since the lower-tropospheric
warm-air advection associated with these situations
erodes the cold air, producing rain, freezing rain, or ice
pellets, rather than snow (as is shown in chapter 5).

The merging of multiple vorticity maxima into one
cohesive vorticity maximum is known to play an im-
portant role in some major cyclone events (see, e.g.,
Hakim et al. 1995, 1996; Kocin et al. 1995; Bosart, et
al. 1996; Bosart 1999, chapter 4). In this sample of
Northeast snowstorms, wave mergers are noted in nearly
half the cases and act to strengthen the cyclonic vorticity
advection and upper-level divergence, thereby increas-
ing cyclone development. The capacity of upper-level
troughs to either merge or ‘‘fracture’’ may be linked to
the large-scale background flow and evolution (Thorn-
croft et al. 1993; Bosart and Bartlo 1991; Hakim et al.
1995; Bosart 1999) through a variety of lateral and ver-
tical interactions (Bosart 1999). The dilemma in deter-

mining whether separate troughs and associated vortic-
ity features will merge or ‘‘phase together’’ remains a
critical concern to forecasters who must predict surface
cyclone development and heavy snowfall using numer-
ical guidance, which displays varying degrees of skill
in predicting these interactions (Bosart et al. 1996).

b. Upper-level jet streaks

The relatively straightforward characterization of the
upper-level troughs in the 30-storm sample can be ex-
tended to the description of the structure and evolution
of jet streaks during individual storms. The presence of
jetlike, finite-length wind maxima is known to enhance
upper-level vorticity advections and divergence, which
also contribute to surface cyclogenesis (e.g., see Bjerk-
nes 1951; Reiter 1963, 1969; Palmén and Newton 1969;
Uccellini and Kocin 1987; Loughe et al. 1995).

In addition to the increasing amplitudes and decreas-
ing wavelengths of upper trough–ridge systems, ‘‘trans-
verse,’’ or cross-stream, ageostrophic components in the
entrance and exit regions of upper-level jet streaks also
contribute to divergence aloft. Namias and Clapp
(1949), Bjerknes (1951), Murray and Daniels (1953),
Uccellini and Johnson (1979), and others found that the
entrance region of an idealized jet streak is marked by
a transverse ageostrophic component directed toward
the cyclonic shear side of the jet (see Fig. 7-1). This
component represents the upper branch of a direct trans-
verse circulation that converts available potential energy
into kinetic energy for air parcels accelerating into the
jet. The direct circulation is marked by rising motion
on the anticyclonic or warm side of the jet and by sink-
ing motion on the cyclonic or cold side of the jet (Fig.
7-1b). In the exit region, the ageostrophic component
is directed toward the anticyclonic shear side of the jet
(Fig. 7-1b), representing the upper branch of an indirect
transverse circulation (Fig. 7-1b) that converts kinetic
energy to available potential energy as air parcels de-
celerate upon exiting the jet. This circulation features
rising motion on the cyclonic or cold side of the jet and
sinking motion on the anticyclonic or warm side of the
jet. These transverse circulation patterns are consistent
with the vorticity advection concepts described by Riehl
et al. (1952) and illustrated in Fig. 7-1d.

The influence of curvature effects in masking the con-
tribution of jet streaks to upper-level ageostrophy and
divergence, and their associated vertical motion fields,
is discussed in studies by Shapiro and Kennedy (1981),
Newton and Trevisan (1984), Uccellini et al. (1984),
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FIG. 7-3. (a) Sequence of upper troughs, upper jet streaks, surface frontal and pressure systems, and low-level jet streaks
during cyclogenesis. (b) Schematic representation of the evolution of a diffluent, negatively tilted upper-level trough during
cyclogenesis.

Keyser and Shapiro (1986), Kocin et al. (1986), Uccel-
lini and Kocin (1987), Keyser et al. (1989), Moore and
Vanknowe (1992), and Loughe et al. (1995). These stud-
ies indicate that curvature complicates the simple two-
dimensional relationships (as shown in Fig. 7-1b) be-
tween the ageostrophic wind field associated with jet
streaks and divergence. Diabatic processes, especially
those related to latent heat release, can also enhance the
vertical motions associated with jet streak circulations
(see, e.g., Cahir 1971; Uccellini et al. 1987). Despite
the complications introduced by curvature and diabatic
processes, Brill et al. (1985) and Loughe et al. (1995)
demonstrate that these transverse circulations make a
significant contribution to the divergence aloft and re-

sultant vertical motion patterns in the entrance and exit
region of the jet streak.

The contribution of jet streak circulations to surface
cyclogenesis has also been shown in numerous studies.
Hovanec and Horn (1975) and Achtor and Horn (1986)
illustrate the importance of the left-front exit region of
jet streaks in cyclogenesis to the lee of the Rocky Moun-
tains. Mattocks and Bleck (1986) and Sinclair and Ells-
berry (1986) emphasize the role of the indirect circu-
lation in the exit region of upper-level jet streaks in the
development of cyclones in the lee of the Alps (and the
Gulf of Genoa), and the northern Pacific Ocean, re-
spectively. Uccellini et al. (1985, 1987) show how ver-
tical circulations associated with upper-level jet streaks
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FIG. 7-4. (top) Lateral coupling of two separate upper-level jet
streaks, one associated with an upper trough nearing the East Coast
and the other associated with confluent upper flow over New England.
Low-level cold-air advection is located beneath the confluent entrance
region of an upper jet while a low-level jet associated with warm-
air advection is located beneath the jet exit region over the Southeast.
(bottom) Contribution of the lateral coupling of jet streaks to the low-
level temperature and moisture advections during East Coast cyclo-
genesis.

contributed to two periods of surface cyclonic devel-
opment during the Presidents’ Day Storm. Additional
support for the roles of jet streaks in surface cyclogen-
esis has been provided by Whitaker et al. (1988), Barnes
and Colman (1993), and Lackmann et al. (1997, 1999).

As emphasized by Uccellini et al. (1984) and Wash
et al. (1988), the contribution to upper-level divergence
and its associated ascent pattern by relatively straight
jet streaks (as inferred by the magnitude of the absolute
vorticity advection) can be as large (or larger) than that
computed for trough–ridge configurations. This result
is confirmed by Loughe et al. (1995), who utilize a ‘‘�
vector’’ analysis of the February 1983 ‘‘Megalopolitan’’

snowstorm (see volume II, chapter 10.20), and show the
transverse circulation associated with the exit region of
the upper-level jet produces an ascent pattern equivalent
to that linked to the trough–ridge couplet.

For this sample of Northeast snowstorms, a jet streak
approaching the base of the upper-level trough nearing
the East Coast was observed in every case, with the
surface cyclogenesis occurring in the diffluent exit re-
gion of the jet (Fig. 7-4). A separate polar jet streak is
also evident north and east of the developing surface
cyclone in many of the 30 cases. This separate jet can
undergo marked amplification as the storm intensifies
and, in some cases, attains wind speeds exceeding 80–
90 m s�1. These separate jet streaks have well-defined
transverse circulation patterns in their exit and entrance
regions, which have a marked effect upon the storm’s
evolution. For many of these cases (i.e., see Uccellini
and Kocin 1987), an indirect transverse circulation has
been diagnosed within the exit region of the southern
jet streak associated with the upper-level trough ap-
proaching the East Coast. A direct transverse circulation
is located within the entrance region of the jet streak
associated with the upper-level confluence zone over
Canada.

Uccellini and Kocin’s (1987) analyses of the February
1983 case and seven other cases and the resultant sche-
matic representation of the lateral coupling of the trans-
verse circulations around the separate jet streaks (Fig.
7-4) illustrates the following:

i) As an upper-level trough over the Ohio and Ten-
nessee Valleys approaches the East Coast and a jet
streak approaches the base of the trough and prop-
agates toward the diffluent region downwind of
the trough axis, a surface low pressure system de-
velops. The cyclogenesis occurs downstream of
the trough axis, within the exit region of the jet
streak, where upper-level divergence (cyclonic
vorticity advection) related to both the trough and
the jet favors surface cyclonic development.

ii) A separate upper-level trough over southeastern
Canada and a jet streak embedded in the conflu-
ence zone over New England are associated with
a cold surface high pressure system, which is usu-
ally found beneath the confluent entrance region
of the jet streak.

iii) Indirect and direct transverse circulations that ex-
tend through the depth of the troposphere are lo-
cated in the exit and entrance regions of the south-
ern and northern jet streaks, respectively.

iv) The rising branches of the transverse vertical cir-
culations associated with the two jet streaks appear
to merge, contributing to a large region of ascent
along sloped isentropic surfaces, which produces
clouds and precipitation between the diffluent exit
region near the East Coast and the confluent en-
trance region over the northeastern United States.
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v) The advection of Canadian air southward (Fig.
7-4, bottom) in the lower branch of the direct cir-
culation over the northeastern United States main-
tains the cold lower-tropospheric temperatures
needed for snowfall along the East Coast. In many
cases, the lower branch of this circulation pattern
is enhanced by the ageostrophic flow associated
with cold-air damming east of the Appalachian
Mountains (see section 3c).

vi) The northward advection of warm, moist air (Fig.
7-4, bottom) in the lower branch of the indirect
circulation over the southeastern United States ris-
es over the colder air north of the surface low. An
easterly or southeasterly low-level jet streak (see
the next section) typically develops within the low-
er branch of the indirect circulation beneath the
diffluent exit region of the upper-level jet. This
low-level flow enhances the moisture transport to-
ward the region of heavy snowfall and focuses the
low-level thermal advection patterns along the
coast.

vii) The combination of the differential vertical mo-
tions in the middle troposphere and the interactions
of the lower branches of the direct and indirect
circulations appears to be highly frontogenetic [as
computed by Sanders and Bosart (1985a) for the
February 1983 storm], increasing the thermal gra-
dients in the middle and lower troposphere during
the initial cyclogenetic period. This finding is con-
sistent with the increase in available potential en-
ergy observed by Palmén (1951, p. 618) during
the early stages of cyclogenesis.

As depicted in Fig. 7-4, these separate transverse cir-
culation patterns appear to be ‘‘laterally coupled’’ such
that the vertical branches associated with each jet streak
merges, enhancing the ascent immediately north of the
surface low that focuses the heaviest snowfall within
the coastal plain (Uccellini and Kocin 1987; Loughe et
al. 1995). The important role of jet streaks and their
attending circulation regimes in contributing to the as-
cent pattern necessary for heavy snowfall is consistent
with Bjerknes’s (1951) vision of jet streams combining
with the trough–ridge patterns to produce the vertical
motions associated with surface cyclogenesis.

The ‘‘lateral coupling’’ of the jet streaks southeast
and northeast of the developing surface low also makes
a significant contribution to the low-level temperature
and moisture advection patterns. As depicted in Fig. 7-
4, the advection of cold Canadian air southward along
the coast is associated with the lower branch of the direct
circulation associated with the northern jet streak.
Meanwhile, the northward advection of warm, moist air
into the region experiencing heavy precipitation occurs
in the lower branch of the indirect circulation associated
with the southern jet streak. The moisture transport and
horizontal temperature advections are further enhanced
by the formation of a low-level jet streak (LLJ) in the

lower branch of the indirect circulation. The LLJ is
‘‘vertically coupled’’ to the upper-level jet streak
through the mass momentum adjustments within the exit
region of the upper-level jet (Uccellini and Johnson
1979), a process that is further enhanced by sensible
and latent heat release near the coastal front (Uccellini
et al. 1987). Thus, the jet streak–induced transverse cir-
culation patterns not only enhance the ascent necessary
for heavy precipitation, but also contribute to the dif-
ferential temperature and moisture advection patterns,
which juxtapose the cold air and the warm, moist air in
a manner necessary for heavy snowfall along the coast.

While this characteristic jet streak pattern is rather
straightforward, the vertical structure and temporal evo-
lution of the jet streaks during a heavy snow event can
complicate the picture. Many cases were marked by
large temporal changes in wind speed and in the vertical
and horizontal location of the jet core. The evolution of
these systems is often difficult to diagnose using the 12-
hourly operational radiosonde data and by relying solely
on standard isobaric analyses at selected levels without
the use of cross-section and isentropic analyses (Uccel-
lini and Kocin 1987) or diagnostic procedures based on
numerical model output with 1–3-h temporal resolution
(Brill et al. 1991; Manobianco et al. 1992). These prob-
lems in assessing the evolution of multiple jet streaks
complicate the use of simple conceptual models that
relate cyclogenesis to the patterns of upper-level diver-
gence in the left-front exit and right-rear entrance re-
gions of relatively straight jet streaks. However, the
availability of the reanalysis datasets at 6-h intervals
(see DVD included with volume II) provides a fresh
perspective for examining the evolution of multilevel
jet streaks (see individual discussions in chapter 10 in
volume II).

2. Low-level processes

While upper-level troughs, jet streaks, and their as-
sociated vorticity advections contribute to the formation
and development of the storms, physical processes in
the lower troposphere also play important roles in cre-
ating conditions for heavy snowfall. Charney (1947),
Sutcliffe (1947), Petterssen (1955), and many others
have shown that thermal advection patterns below 700
hPa are important components of cyclogenesis, affecting
surface deepening rates, influencing vertical motions,
and enhancing the energy conversions associated with
developing cyclones. The contribution of thermal ad-
vections to the vertical motions associated with cyclo-
genesis can be assessed from the ‘‘development equa-
tions’’ of Sutcliffe (1947) and Petterssen (1955, 320–
339), the ‘‘
 equation’’ (see, e.g., Krishnamurti 1968),
and from the quasigeostrophic framework (e.g., Holton
1979, chapter 7), which has been used extensively in
diagnostic studies of cyclogenesis.

The lower-tropospheric thermal advection patterns as-
sociated with Northeast snowstorms are strengthened
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FIG. 7-5. Evolution of the low-level jet, 850-hPa low, and lower-tropospheric temperatures and wind fields during a Northeast snowstorm,
including streamlines (solid arrows), isotherms (white lines, thick dashed line represents 0�C isotherm), surface fronts, and low-level jet
positions and typical speeds.

during coastal cyclogenesis (Fig. 7-5). As shown in vol-
ume II, every storm in the 30-case sample developed
in association with a preexisting isotherm gradient or
baroclinic region at the 850-hPa level, which intensified
and evolved into an ‘‘S shaped’’ configuration during
the most intense stage of cyclogenesis. The circulation
center at the 850-hPa level developed near the coast,
above and slightly to the west of the surface low pres-
sure center, close to the inflection point of the S-shaped
isotherm configuration. The warm-air advection pattern
is usually marked by 20–35 m s�1 winds directed nearly
perpendicular to the isotherms and provide a marked
indication of the intense vertical motion patterns asso-
ciated with these storms.

The lower-tropospheric thermal advections surround-
ing the 850-hPa low center increased during cyclogen-
esis. Part of this increase was attributable to the baro-
clinic instability and associated enhancements of the
thermal gradients that are inherent within a cyclogenetic
environment. Another part of this increase is due to the
effects of topography and sensible heat flux from the
ocean on the boundary layer temperature structure.

The Appalachian Mountains, the coastline, and the
warm waters of the Atlantic Ocean and the Gulf Stream
are particularly important factors. As discussed by
O’Handley and Bosart (1996), the Appalachians have a
significant impact on the redevelopment of cyclones and
the subsequent track of the cyclone center as the upper-
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FIG. 7-6. Schematic representation of the evolution of a surface
anticyclone, its associated wind and temperature fields, related to the
development of ‘‘cold-air damming,’’ ‘‘coastal frontogenesis,’’ and
coastal cyclogenesis.

level trough system approach the East Coast. Although
the Appalachians may facilitate cyclone development
through ‘‘vortex tube’’ stretching as air flows over the
mountains (i.e., Holton 1979, 87–89; Smith 1979, 163–
169), they probably make a more significant contribu-
tion to cyclogenesis along the East Coast by entrapping
cold air between the mountains and the coastline
(O’Handley and Bosart 1996), a process that enhances
the baroclinic zone along the coast, as illustrated in Fig.
7-6. This process, termed cold-air damming (Richwien
1980; Forbes et al. 1987; Stauffer and Warner 1987), is
marked by a distinctive inverted surface high pressure
ridge between the coast and the Appalachian Mountains
chain that occurs as the cold air supplied by an anti-
cyclone over New England or Canada is channeled
southward along the eastern slopes of the Appalachians.
Damming contributes to the southward advection of
cold air and is maintained by a combination of ascent,
evaporation, orographic, frictional, and isallobaric ef-
fects (Forbes et al. 1987; Bell and Bosart 1988; Doyle
and Warner 1993a,b).

The cold-air advection associated with damming
combines with the fluxes of sensible and latent heat from
the ocean surface that warm and moisten the overlying
atmosphere (Petterssen et al. 1962; Sanders and Gyakum
1980; Bosart 1981; Gyakum 1983a,b; Kuo and Low-
Nam 1990) to intensify the thermal contrast and enhance
the baroclinic zone near the coastline. This process,
known as coastal frontogenesis (Bosart et al. 1972; Bos-
art 1975; Ballentine 1980; Bosart 1981; Bosart and Lin
1984; Forbes et al. 1987; Stauffer and Warner 1987), is
confined to the lower troposphere, typically precedes
cyclogenesis, and focuses low-level convergence, bar-
oclinicity, warm-air advection, and surface vorticity.
Coastal frontogenesis was observed in 25 of the 30 cases
studied, and is an integral component of the sequence
of processes that interact to enhance the temperature
gradients associated with the coastal front and the ascent
needed to generate heavy snowfall in the urban corridor.

Low-level jet streaks

The intensification of the low-level thermal advec-
tions is also related to the development of low-level jet
streaks (LLJ) directed at a significant angle to the iso-
therms (Fig. 7-5). The LLJ, which was observed in all
30 cases, was directed primarily from an east-south-
easterly direction, with maximum wind speeds generally
between 20 and 35 m s�1 at 850 hPa. The LLJ often
slopes upward from the oceanic planetary boundary lay-
er toward the coastal plain, where it rises toward 700
hPa over the cold air mass trapped between the Ap-
palachians and the coastline by cold-air damming pro-
cesses. The LLJ is also an important factor in enhancing
and focusing the moisture transport toward the area of
heavy precipitation. Given the magnitudes of the wind
speeds in the core of the LLJ and the amount of moisture
in the oceanic boundary layer, the magnitude of the
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FIG. 7-7. Schematic representation of upper-level confluence, jet
streaks, and surface anticyclones.

moisture transport in Northeast snowstorms can ap-
proach those computed for spring convective cases in
the Midwest (Uccellini et al. 1987). In addition to in-
creasing the warm-air advections and moisture trans-
ports during cyclogenesis, the enhanced wind speeds
associated with the LLJ also increase the moisture and
heat fluxes from the ocean surface into the planetary
boundary layer, a process that appears to heat and moist-
en the airstreams that feed directly into the developing
cyclone (Mailhot and Chouinard 1989).

Other interesting aspects of the LLJ include 1) the
ageostrophic nature during its intial development (also
see discussion for each case in volume II, chapter 10)
and 2) its linkage to the rapid pressure falls that often
correspond to the onset of secondary cyclogenesis, or
the rapid northeastward motion of the primary coastal
low, called center jumps (see chapter 3). The rapid for-
mation of the LLJ corresponds to a separate low-level
maximum in mass divergence, which has been shown
(Uccellini et al. 1987) to make a significant impact on
surface pressure tendencies during the rapid develop-
ment phase of the cyclone near or along the East Coast.
The rapid parcel accelerations associated with the for-
mation of the LLJ focuses a low-level mass divergence
maximum between 900 and 800 hPa along the coast,
giving rise to the initial surface pressure falls that mark
the onset of secondary coastal cyclogenesis.

Thus, the LLJ has a significant impact on 1) the mois-
ture transports that fuel the developing cyclone, 2) the
temperature advections that illustrate the baroclinic
character of the storm, 3) the associated vertical motion
pattern that contributes to heavy snowfall, and 4) the
mass divergence pattern that accompanies the onset of
secondary cyclogenesis near the coast.

3. Cold surface anticyclones

Anticyclones that cross southeastern Canada or sur-
face high pressure ridges that extend eastward from an-
ticyclone centers over the southern Canadian plains or
the northern American plains provide the cold low-level
air that enables precipitation to reach the ground as snow
within the Northeast urban corridor. These anticyclones
originate over northern Canada or the polar regions,
maintain central pressures often exceeding 1030 hPa,
and remain in a position to reinforce the advection of
cold air over the coastal plain despite the warm-air ad-
vection pattern aloft, as described earlier. The net result
is an intensifying low-level baroclinic zone that also
acts to focus the vertical motion pattern and related low-
level frontogenesis within the regions of heaviest snow
(Fig. 7-6). The surface anticyclone remains generally to
the north-northwest of the surface low, resulting in a
low-level flow of cold air that is minimally influenced
by the warming effects of the nearby Atlantic Ocean.

The displacement of an initially cold surface anti-
cyclone too far to the east produces a flow of ocean-
warmed air toward the Northeast coast, often resulting

in rainfall or snow changing to rain along the immediate
coastline. While the presence of an anticyclone to the
north should not be viewed as a prerequisite for heavy
snowfall (e.g., the 9–10 February 1969 storm followed
an anticyclone that moved eastward off the coast prior
to cyclogenesis), it is a common feature of many of the
cases presented here.

The surface anticyclone, like the surface cyclone, is
intimately associated with and linked to the upper-level
trough–ridge patterns and jet streaks that influence
Northeast snowstorms. The maintenance of a cold an-
ticyclone to the north of the developing low is linked
to a consistent pattern of upper-level confluence in the
northeastern United States and southeastern Canada
(Fig. 7-7). In all 30 cases, the anticyclone was located
upwind of an upper-level trough crossing eastern Can-
ada, almost always beneath a region of confluent geo-
potential heights (25 cases), and usually within the en-
trance region of an upper-level jet streak. The upper
confluent flow within the entrance region of the jet
streak over southeastern Canada forces a direct trans-
verse circulation pattern that extends throughout the en-
tire troposphere, acting to maintain the surface anticy-
clone and to enhance the advection of cold air southward
along the coastal plain, playing a critical role in the
development of most of these snowstorms (Uccellini
and Kocin 1987). Thus, the juxtaposition of the surface
high and low pressure centers and their evolution during
these heavy snow events reflects the complex interaction
of multiple upper-level troughs and ridge systems and
their associated laterally coupled jet streaks that are im-
portant elements required for the development of these
storms (Figs. 7-3 and 7-4).
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FIG. 7-8. Schematic illustration of the impact of sensible heat fluxes
in the boundary layer on the temperature advection pattern east of
the cyclone center (marked by an L): (a) at time 0000, prior to sensible
heat influence; (b) at time T ��T, when sensible heat flux has acted
to increase temperature gradients and associated warm-air advection;
and (c) at time T �2�T, when increased wind speed associated with
deepening surface low further enhances temperature advection pat-
terns. [Derived from Uccellini (1990).] Blue lines represent upper-
level height contours and orange lines represent low-level isotherms.

4. Sensible and latent heat release

Traditional descriptions of cyclogenesis during the
1950s and 1960s (e.g., Pettersen et al. 1962) viewed
sensible heat and moisture fluxes to be of secondary
importance since they tended to be a maximum in the
cold, dry air following a cyclone. Furthermore, with the
increasing focus on the application of simplified two-
layer models to the simulations of cyclones, the relative
importance of latent heat release to baroclinic processes
was significantly downplayed (Uccellini 1990). Bosart
(1981) and Bosart and Lin (1984) showed how these
fluxes can be large in the arctic air ahead of a developing
cyclone along the East Coast (in this case, the Presi-
dents’ Day Storm of February 1979) and are likely to
be large in many cases in which cold air over the North-
east precedes the cyclone. These studies and others, es-
pecially Sanders and Gyakum (1980) and Sanders
(1986), help set the stage for later numerical experi-
ments that showed that the sensible heating off the East
Coast can make a significant contribution to the overall
development of these storms (e.g., Uccellini et al. 1987;
Kuo and Low-Nam 1990).

Danard (1964) recognized that the inability of the first
numerical models to accurately predict cyclogenesis was
partially due to the neglect of latent heat release. He found
it necessary to include latent heat release in the model
simulations to account for the distribution and magnitude
of the vertical motion pattern associated with cyclogen-
esis and its observed deepening rates. This finding re-
newed the interests of the research community in ex-
amining the role of latent heat in cyclogenesis and led
to a succession of many papers describing the role of
diabatic processes on rapid cyclogenesis (Uccellini
1990). Several examples include Krishnamurti’s (1968)
application of the quasigeostrophic ‘‘
 equation’’ to
study the life cycle of a rapidly intensifying cyclone dem-
onstrates that latent heat release is a major contributor to
the enhancement of vertical motions. An isentropic-based
budget study of a cyclone over the Midwest by Johnson
and Downey (1976) shows that the mass circulations and
the associated angular momentum transports required for
cyclogenesis are greatly influenced by the release of latent
heat. In addition, a modeling study by Chang et al. (1982)
clearly illustrates the impact of latent heat release on the
deepening rate of the surface cyclone and on the structure
of the accompanying upper-level trough–ridge system
and its related wind fields.
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FIG. 7-9. Schematic illustration of the vertical displacement of a parcel trajectory approaching the cyclone
from the south-southeast and passing through the area of precipitation associated with the cyclone and crossing
the geopotential contours at the 700-hPa level (marked by an open wave) at a significant angle (from Uccellini
1990).

The asymmetrical distribution of clouds, precipitation,
and associated latent heat release to the north and west
of a developing cyclone (while a dry slot works toward
the cyclone center from the southwest) is a characteristic
feature of nearly all observed extratropical cyclones,
ranging from small-scale, oceanic polar lows to the major
coastal storms that affect continents around the world
(Uccellini 1990). Twenty-six of 30 cases exhibited a pe-
riod of rapid sea level development along the East Coast
or over the western Atlantic Ocean, which coincided with
the occurrence of heavy snowfall to the north and west
of the deepening cyclone. The simultaneous observations
of rapid deepening rates and the occurrence of heavy
precipitation indicate that latent heat release has a sig-
nificant impact on the development of these storms. Nev-
ertheless, assessing the relative importance of sensible
and latent heat release compared to the contribution of
dynamical processes, described earlier, is difficult if not
counterproductive, as is shown in the next section.

5. The positive feedback between physical and
dynamical processes during East Coast
cyclogenesis

There are an increasing number of model-based sen-
sitivity experiments which indicate that individual dy-
namical and diabatic processes, discussed in this chapter
and summarized in Table 7-1, make important contri-
butions to cyclogenesis. Furthermore, there is increasing
evidence that the rapid deepening phase of extratropical
cyclogenesis is dependent on the nonlinear, synergistic
interactions among all these physical processes, and not
simply on their individual contributions (Uccellini et al.
1987; Uccellini 1990; Stein and Alpert 1993; Alpert et
al. 1995).

The difficulty in assessing the relative contributions
of latent heat, sensible heat fluxes, and baroclinic in-
stability to rapid cyclogenesis is linked to the feedbacks

that occur among the processes within a relatively small
domain and over a very short period of time. For ex-
ample, if sensible heat fluxes over the Atlantic Ocean
east of a surface low act to increase the temperature
gradients immediately along the coastline (as is shown
in Figs. 7-8a and 7-8b), the developing surface low is
affected not only by the diabatic additions of heat and
moisture in the planetary boundary layer, but also by
the baroclinic processes associated with the increased
temperature gradients and their resultant increased ther-
mal advections. The feedback does not stop there. A
more intense low-level baroclinic zone depicted in Fig.
7-8b could also be expected to contribute to stronger
low-level wind speeds that could further enhance the
warm-air advection patterns and deepening rate of the
storm (Fig. 7-8c).

The increased wind speeds depicted in Fig. 7-8c rep-
resent the development of the LLJ [see section
7b (1)]. This increase in wind speed is related to two
factors: 1) an isallobaric contribution, due to the change
of the pressure gradient force associated with the deep-
ening cyclone (Naistat and Young 1973) and propagat-
ing jet streaks (Uccellini and Johnson 1979), and 2) the
vertical parcel displacement in a region where the pres-
sure gradient force changes with height (Uccellini et al.
1987). In Fig. 7-9 the vertical parcel displacement east
and northeast of a developing surface cyclone, also en-
hanced by sensible and latent heat fluxes and latent heat
release, can lead to a situation in which an air parcel
ascends from one level, possibly marked by a closed
circulation (e.g., 900 hPa) in which the parcel trajectory
is directed parallel along the geopotential heights and
ascends to a level marked by an open wave trough (e.g.,
700 hPa), in which the parcel is now directed toward
lower geopotential heights. As a result, as the parcel
rises, it accelerates rapidly toward lower geopotential
and turns to the right as it attempts to remain in a bal-
anced state. Model-based trajectory results described by
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Uccellini et al. (1987) and Whitaker et al. (1988) illus-
trate that this process can operate over a very short
period of time (as little as 2–4 h) and contributes to
ageostrophic wind speeds exceeding 35 m s�1, and a
subsequent rapid increase in parcel velocities from 18
to 30 m s�1, in 3 h.

The acceleration of the east to southeasterly flow
through the precipitation region near the 850–600-hPa
layer is generally located beneath the more southwest-
erly diffluent flow aloft associated with an upper-level
trough–ridge system approaching the East Coast from
the west. Whitaker et al. (1988) demonstrate in a sim-
ulation of the 1979 Presidents’ Day Storm that the tran-
sition layer between the accelerating southeasterly air-
stream and the southwesterly flow farther aloft char-
acterized a region in which the mass divergence in-
creased to a maximum during the storm’s period of rapid
development.

These results indicate that the deepening rates of ex-
tratropical cyclones are related to complex interactions
between thermodynamic and dynamic processes, which
are dependent on the horizontal and vertical distribu-
tions of the pressure gradient force especially as it re-
lates to the transition from a closed circulation to an
open wave between 900 and 600 hPa and latent heat
release. Within the transition layer between a closed
circulation in the lower troposphere and an open wave
or trough aloft, the release of latent heat poleward and
east of the developing cyclone would be especially im-
portant for enhancing the parcel accelerations, divergent
airflow, surface pressure tendency, and associated rapid
development rate of the cyclone.

Model sensitivity study for the Presidents’ Day
Snowstorm of February 1979

The feedbacks of sensible and latent heating on tem-
perature gradients, parcel accelerations, energy trans-
formations, and patterns of thermal and vorticity ad-
vections are not confined to the lower and middle tro-
posphere. A model sensitivity study by Chang et al.
(1982) shows the dramatic impact of latent heat release
upon the temperature, geopotential height, and wind
fields throughout the entire troposphere. Similar results
were obtained for a series of numerical simulations con-
ducted for the 18–19 February 1979 Presidents’ Day
cyclone (Uccellini 1990), which are presented below.

Four 24-h model simulations of the President’s Day
Storm, initialized at 1200 UTC 18 February, were run
to illustrate the sensitivity of the numerical simulation
of the storm to the incorporation of boundary layer phys-
ics (sensible and latent heating) and latent heat release.
The numerical model, the initialization procedure, and
a ‘‘full physics’’ simulation, incorporating both diabatic
and adiabatic processes, are described by Whitaker et
al. (1988). The other three model simulations include
an adiabatic simulation, a simulation that includes the
effect of latent heat release but no boundary layer fluxes,

and a simulation with the boundary layer fluxes included
but with no latent heat release, following the experi-
mental design described by Uccellini et al. (1987).

The sea level pressure (SLP) maps derived from the
four simulations and verifying at 1200 UTC 19 February
1979 are shown in Fig. 7-10. The adiabatic simulation
produces an inverted trough (Fig 7-10a) along the East
Coast, rather than a well-developed cyclone. By in-
cluding either latent heat release (Fig. 7-10b) or bound-
ary layer fluxes (Fig. 7-10c), a modest improvement in
the forecast of cyclogenesis is achieved over the adia-
batic simulation. However, when both boundary layer
fluxes and latent heat release are included (Fig. 7-10d),
the cyclogenesis is more accurately simulated. The 32-
hPa difference between the full-physics simulation and
the adiabatic simulation (Fig. 7-10e) of the sea level
pressure illustrates the dramatic influence of diabatic
processes when sensible and latent heating and latent
heat release act synergistically with the upper-level
trough–ridge pattern and jet streaks (Uccellini et al.
1987) to produce more realistic and more explosive cy-
clogenesis.

The impact of the sensible heating within the plan-
etary boundary layer and latent heat release within an
expanding region of precipitation occurs not only at the
surface but throughout the entire troposphere. For ex-
ample, the large geopotential height difference of great-
er than 160 gpm at 850 hPa (Fig. 7-11a) reflects the
deeper cyclonic circulation in the full-physics simula-
tion. The impact of incorporating both adiabatic and
diabatic processes on the 850-hPa wind field (Fig. 7-
11b) is equally dramatic, with 35 m s�1 differences in
the wind field computed east and northwest of the de-
veloping storm system.

At 300 hPa, the height difference between the full-
physics and adiabatic simulations reverses sign and ex-
ceeds 120 gpm north-northeast of the surface cyclone
(Fig. 7-11c). This increase in geopotential height reflects
a tendency for the full-physics simulation to retard the
eastward movement of the downstream upper-level
ridge as the trough approaches from the west. This con-
trasts with the adiabatic simulation, in which the upper
ridge continues to move steadily eastward.

Associated with the slower eastward movement of the
upper ridge axis is the maintenance and enhancement
of the 300-hPa jet streak as depicted by the 40 m s�1

difference between the full-physics and adiabatic sim-
ulations (Fig. 7-11d). The wind enhancement takes the
form of an anticyclonic ‘‘outflow jet’’ similar to that
isolated for a Midwest cyclone by Chang et al. (1982)
and for a spring convective complex by Maddox et al.
(1981) and may help explain the dramatic development
of similar outflow jets in such cases as January 1966
(see volume II, chapters 10.9) and March 1993 [see
Bosart et al. (1996), Dickinson et al. (1997), and Bosart
(1999); also see discussion of the diabatic development
of such jet systems in the next section through the use
of potential vorticity concepts).
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FIG. 7-10. Sea level pressure analyses from 24-h model simulations of the Presidents’ Day cyclone valid at 1200 UTC 19 Feb 1979: (a)
adiabatic simulation, (b) simulation with latent heat included but no boundary layer fluxes, (c) simulation with boundary layer fluxes but
no latent heat release, and (d) full-physics simulation. Total precipitation greater than 2 cm for full-physics simulation indicated by light
shading; greater than 4 cm, darker shading. (e) Difference in the sea level pressure (hPa) between the 24-h full-physics and adiabatic model
simulations of the Presidents’ Day Storm valid at 1200 UTC 19 Feb (from Uccellini 1990).
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FIG. 7-11. (a) Difference in the 850-hPa geopotential height field (gpm) and (b) isotachs (m s�1) and streamlines of the wind field difference
between the 24-h full-physics and adiabatic model simulations of the Presidents’ Day Storm valid at 1200 UTC 19 Feb 1979. (c), (d) Same
as in (a), (b) except for the 300-hPa level (from Uccellini 1990).

The wind speed increase reflects a tendency for dia-
batic processes to maintain the upper-level ridge down-
stream of the developing cyclone, as well as to slow its
eastward progression, acting to intensify the upper-level
jet. Comparisons between the 850- and 300-hPa differ-
ences (Fig. 7-11) with the SLP differences (Fig. 7-10)
reveal that the entrance region of the outflow jet (Fig.
7-11d) lies directly above the area of the maximum SLP
difference between the full physics and adiabatic sim-

ulations (Fig. 7-10). Therefore, it appears that the ac-
celeration of the flow into this upper-level jet occurs
over the SLP difference maxima located north and east
of the surface cyclone.

One might expect that the impact of latent heat release
on an extratropical cyclone would be to collocate the
ridge aloft with the area of maximum latent heat release
and maximum surface pressure falls. However, the re-
gion of heaviest precipitation, latent heat release (Fig.
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7-10d), and the largest SLP differences exhibited be-
tween the adiabatic and full-physics simulation (Fig. 7-
10e) is located 350 km upstream of the region marked
by the largest positive geopotential height differences
at 300 hPa (Fig. 7-11c). Therefore, the upper ridging
does not occur over the region of maximum latent heat
release, but is located directly over the region where the
lower-tropospheric warm-air advections are enhanced
due to the increasing wind speeds and cyclonic circu-
lation at 850 hPa (Fig. 7-11b). Thus, the comparisons
of models incorporating different combinations of dy-
namical and diabatic processes strongly suggest how
these combinations evident in the full-physics simula-
tion are interlinked and work ‘‘synergistically’’ in the
development of the Presidents’ Day Storm; for example,
the net effect of combining physical processes on the
rate of cyclogenesis is greater than the sum of the in-
dividual parts (first described by Uccellini et al. 1987).

The 300- and 850-hPa difference fields in Fig. 7-11
indicate that the enhanced sensible and latent heat re-
lease and the feedback on the lower-tropospheric warm-
air advections and upper-level trough and jet streaks
retard the eastward movement of the upper-level ridge
and enhance the upper-level jet northeast of the surface
low.1 The presence of an amplifying upper-level jet
streak, especially as demonstrated by such cases as
March 1993 (volume II, chapter 10.24) and the Presi-
dents’ Day Snowstorm of February 2003 (volume II,
chapter 10.31), and the shortening wavelength between
the advancing upper trough and its decelerating down-
stream ridge are key factors that have been identified
for many of the Northeast snowstorms. The feedback
mechanisms described above seem to be an indication
of processes that enhance upper-level divergence and
support the surface cyclogenesis immediately along the
coastline, a key component of many of the snowstorms
examined in this monograph.

6. Stratospheric extrusions, tropopause folds, and
related potential vorticity contributions to East
Coast cyclones

Upper-level trough–ridge systems and jet streaks not
only provide the divergence aloft needed for surface
cyclogenesis, but also contribute to the intensification
of upper-level fronts and the related vertical distribu-
tions of potential vorticity (see, e.g., Danielsen 1968).

1 The downwind displacement of enhanced ridging aloft from the
maximum in the SLP difference between the full-physics and adia-
batic simulations is also in agreement with Palmén’s (1951, 610–
611) discussion on the asymmetric nature of extratropical cyclones.
Palmén emphasized that the asymmetrics involved with extratropical
cyclogenesis is critical for describing the vertical distribution of vor-
ticity and divergence required for the simultaneous decrease in the
sea level pressure and convergent cyclonic airflow in the lower tro-
posphere, and the divergent anticyclonic airflow in the middle tro-
posphere immediately downstream of the surface low pressure center
during its development phase.

Attempts have been made to link surface cyclogenesis
to the downward extrusion of stratospheric air into the
upper and middle troposphere along intensifying upper-
level frontal zones through the principle of conservation
of isentropic potential vorticity (IPV), where IPV is a
function of the static stability and wind shear. As strato-
spheric air, marked by high IPV values, descends into
the troposphere, the air mass is stretched and the static
stability decreases significantly. Consequently, the ab-
solute vorticity increases with respect to parcel trajec-
tories as long as the stratospheric values of IPV are
preserved, promoting cyclogenesis. Kleinschmidt
(1950) relates the advection of a stratospheric reservoir
of high IPV associated with a low tropopause to cyclo-
genesis, going so far as to state that the stratospheric
reservoir ‘‘is essentially the producing mass of the cy-
clones’’ (Kleinschmidt 1957, p. 125). Hoskins et al.
(1985; see chapter 5d) discuss the impact of strato-
spheric IPV anomalies on surface cyclogenesis.
Through an ‘‘invertibility principle’’ expressed by
Kleinschmidt (1950), Hoskins et al. show that a positive
IPV anomaly that extends downward from the strato-
sphere into the middle troposphere provides an optimal
situation for enhancing the IPV advection in the middle
to upper troposphere. This acts to induce a cyclonic
circulation that extends throughout the entire tropo-
sphere to the earth’s surface (Fig. 7-12), a hypothesis
demonstrated for a Midwest cyclone by Davis (1992),
who shows the close relationship of the surface cyclonic
development to a potential vorticity anomaly.

Kleinschmidt (1957) also explores the means by
which a stratospheric air mass is detached from its main
reservoir and is subsequently displaced equatorward,
hypothesizing that a disturbance associated with the jet
stream is likely responsible for the equatorward dis-
placement of the stratospheric air mass and its descent
toward the middle troposphere during the period of cy-
clogenesis. As the stratospheric air descends, so does
the tropopause in a process termed tropopause folding.
A tropopause fold is defined by Reed (1955) and Reed
and Danielsen (1959) as an extrusion of stratospheric
air within upper-tropospheric baroclinic zones down-
ward from the tropopause to the middle and lower tro-
posphere. The concept of a tropopause fold comple-
mented studies pointing to the importance of subsidence
in the upper and middle troposphere as a mechanism
contributing to upper-level frontogenesis (Reed and
Sanders 1953; Newton 1954) and to surface cyclogen-
esis (Staley 1960; Bleck 1973, 1974; Boyle and Bosart
1983, 1986; Bleck and Mattocks 1984). It now appears
that the transverse circulations associated with tropo-
pause folding along the axis of an upper-level jet–frontal
system is the mechanism that acts to displace the strato-
spheric air down toward the 500–700-hPa layer (Dan-
ielsen 1968; Uccellini et al. 1985; Whitaker et al. 1988;
Bosart et al. 1996; Lackmann et al. 1997; Bosart et al.
2003).

For the February 1979 Presidents’ Day cyclone,
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FIG. 7-12. A schematic picture of cyclogenesis associated with the arrival on an upper-level IPV anomaly over a low-level baroclinic
region. (left) The upper-level IPV anomaly, indicated by a solid plus sign (�) and associated with the low tropopause shown, has just arrived
over a region of significant low-level baroclinicity. The circulation induced by the anomaly is indicated by solid arrows, and potential
contours are shown on the ground (Hoskins et al. 1985). (right) A low-level IPV anomaly can also induce a cyclonic circulation indicated
by the open arrows that act to reinforce the circulation pattern induced by the upper-level IPV anomaly.

Uccellini et al. (1985) examine an intensifying polar
front jet and deepening trough over the central United
States (see Fig 7-13). A well-defined tropopause fold
marked by the downward extrusion of stratospheric IPV
values to 700 hPa was analyzed 1500 km upstream of
the cyclogenetic region and 12–24 h prior to rapid sur-
face cyclogenesis along the East Coast (Fig. 7-14).
Uccellini et al. also show that subsidence along the axis
of the polar front jet contributed to the tropopause fold,
and they trace the stratospheric air mass to a position
just upstream of the cyclogenetic region during the
storm’s rapid development.

Whitaker et al. (1988) utilized a numerical model to
analyze the tropopause fold and stratospheric extrusion
over the central United States and its subsequent east-
ward displacement toward the coastal region where rap-
id cyclogenesis occurred. A three-dimensional perspec-
tive of the model-simulated stratospheric extrusion and
its eastward displacement was generated on the Uni-
versity of Wisconsin’s Man computer Interactive Data
Access System (McIDAS; Hibbard et al. 1989; Uccellini
1990) and is shown from a southern perspective in Fig.
7-15, with selected trajectories in Fig. 7-16, and from
an eastern perspective in Fig. 7-17 at 6-h intervals be-
tween 0000 and 1800 UTC 19 February 1979.

The tropopause fold and stratospheric extrusion (as
indicated by the descent and horizontal advection of the
2 PVU IPV surface, where 2 PVU � 2 � 10�6 m2 s�2

K kg�2 represents stratospheric values of IPV) that pre-
ceded and accompanied the intensification of the surface
cyclone off the East Coast are depicted in Fig. 7-15.
The detailed diagnostic computations that relate the
stretching and downward displacement of the IPV
anomaly as it propagates toward the East Coast, and its
associated increase in absolute vorticity following the
parcel trajectories shown in Figs. 7-16 and 7-17 can be
found in Whitaker et al. (1988). These results point to
a more active role for the subsynoptic-scale processes

associated with jet streaks and the associated upper-level
fronts in the extrusion of stratospheric air during the
precyclogenetic period and subsequent spinup of a sur-
face cyclone, in contrast to the concept that these upper-
level processes are a passive consequence of cyclogen-
esis, an issue discussed by Palmén and Newton (1969,
256–258; Keyser and Shapiro 1986, p. 593; Uccellini
1990; Lackmann et al. 1997).

The three-dimensional simulations depicted for the
Presidents’ Day Storm (Figs. 7-15–17) also point to a
separate region of high IPV confined to the lower tro-
posphere. Diabatic processes primarily associated with
the vertical and horizontal distribution of latent heat
release within a low-level baroclinic zone contribute to
the development of low-level IPV anomalies (Klein-
schmidt 1957, 134–136; Gyakum 1983b; Bosart and Lin
1984; Boyle and Bosart 1986; Whitaker et al. 1988).
The low-level trajectories in Figs. 7-16 and 7-17 that
1) approach the Presidents’ Day Storm from the east
and wrap around the center and 2) approach the storm
center from the south and rise rapidly before turning
anticyclonically are influenced by the latent heat sim-
ulated by the model (Whitaker et al. 1988) and illustrate
the nonconservative aspects of the low-level IPV max-
imum in a region of heavy precipitation. The low-level
IPV maximum, and the associated thermal advection
pattern, also induce a cyclonic circulation extending up-
ward throughout the entire troposphere, as emphasized
by Hoskins et al. (1985; see Fig. 7-12). The low-level
maximum adds to the circulation induced by the upper-
level IPV maximum, as long as the low-level anomaly
remains downwind of the upper-level anomaly, main-
taining a positive feedback between the two.

The relationships between extrusions of stratospheric
air and other Northeast snowstorms are depicted for the
March 1993 Superstorm (Fig. 7-18) and for the snow-
storm of 24–25 January 2000 (Fig. 7-19). A three-di-
mensional depiction of the 2-PVU IPV surface for the
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FIG. 7-13. Isentropic analyses for the 312-K surface for (top) 0000
UTC 18 Feb 1979, (middle) 1200 UTC 18 Feb 1979, and (bottom)
0000 UTC 19 Feb 1979, prior to the rapid development of the Pres-
idents’ Day Storm (see Fig. 10.18-2 in volume II). Includes Mont-
gomery streamfunction analysis (solid, 100 � 3.100 � 105 m2 s�2)
and isotachs (dotted–dashed, m s�1). Wind barbs represent observed
speeds (whole barbs, 10 m s�1; half barbs, 5 m s�1). Solid lines
represent cross sections shown in Fig. 7-14 (from Uccellini 1990).

March 1993 Superstorm reveals the existence of two
distinct IPV maxima as the surface cyclone was devel-
oping along the southeast coast of the United States (Fig.
7-18a). The low-level IPV maximum is collocated with
the rapidly developing surface low pressure system and
heavy precipitation. Low-level trajectories originating

in the planetary boundary layer ascend through this low-
level IPV maximum in much the same manner as is
depicted for the 1979 Presidents’ Day Storm (see Figs.
7-16 and 7-17). A distinct IPV maximum also can be
seen descending from the stratosphere immediately up-
wind of the developing low. The IPV maximum is nearly
collocated with the orange area in the water vapor dis-
tribution (Fig. 7-18b) and represents the stratospheric
extrusion of dry air into the rapidly developing cyclone
in much the same manner diagnosed for the 1979 Pres-
idents’ Day Storm. Bosart et al. (1996) describe in detail
the sequence of trough mergers and related evolution
of the IPV distribution that ultimately leads to this dra-
matic extrusion of stratospheric air upwind of the de-
veloping cyclone depicted in Fig. 7-18a.

An analysis of IPV for the 24–26 January 2000 snow-
storm is depicted in Fig. 7-19a, along with the water
vapor imagery in Fig. 7-19b. This IPV analysis is de-
rived from the operational NCEP Eta numerical model
initial fields at 1200 UTC 24 January and is combined
with analyses of sea level pressure and equivalent po-
tential temperature (�E) in the planetary boundary layer.
The analysis depicts a very narrow tongue of strato-
spheric IPV located just upwind of the developing sur-
face low, collocated with the distinct dry slot in the
water vapor imagery along the Gulf coast. Again, the
collocation of the high IPV with a distinct dry slot in
the water vapor imagery provides supporting evidence
for the role of stratospheric extrusions in the rapid spi-
nup of East Coast cyclones, which characterize many
of the Northeast snowstorms described in this mono-
graph.

The application of potential vorticity concepts to rap-
id cyclogenesis has also been accomplished through the
use of ‘‘dynamic tropopause maps,’’ which combine the
distribution of IPV and potential temperature to depict
the tropopause and related stratospheric distribution of
potential vorticity onto one chart (Morgan and Neilsen-
Gammon 1998; Bosart 1999; Nielsen-Gammon 2001).
An advantage of this relatively new mode of analysis
is that it explicitly accounts for diabatic heating through
nonconservation of potential vorticity. For example, the
rapid development of an upper-level jet streak within
the downstream ridge of a cyclone-producing trough can
be linked to diabatic processes also through use of a
potential vorticity perspective, as done by Bosart et al.
(1996), Dickinson et al. (1997), and Bosart (1999). Their
analyses of the March 1993 Superstorm link the rapid
development of an 85 m s�1 jet streak near 250 hPa (see
volume II, chapter 10.24) to diabatic heating since po-
tential vorticity is not conserved along the portion of
the dynamical troopopause near the core of the ampli-
fying jet streak.

The model results from Whitaker et al. (1988) for the
1979 Presidents’ Day cyclone (Figs. 7-15–17) and the
supporting evidence provided by the IPV diagnostics
for the March 1993 Superstorm (Fig. 7-18) and the Jan-
uary 2000 snowstorm (Fig. 7-19) all point to the im-
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FIG. 7-14. (top) Vertical cross section from International Falls, MN (INL), to Denver, CO (DEN),
for 1200 UTC 18 Feb 1979. (bottom) Vertical cross section from Green Bay, WI (GRB), to
Apalachicola, FL (AQQ), for 0000 UTC 19 Feb 1979. Shown are isentropes (solid, K), geostrophic
wind (dashed, m s�1) computed from the horizontal thermal gradient in the plane of the cross
section, and potential vorticity, heavy solid where 10 � 1 PVU. Potential vorticity analysis only
shown for upper portion of frontal zone and stratosphere (from Uccellini et al. 1985).

portance of stratospheric extrusions of high IPV for the
rapid intensification of the Northeast snowstorms. These
results, combined with recent diagnostic studies by
Gyakum (1983b), Davis (1992), Bosart et al. (1996),

Lackmann et al. (1997), and many others lend support
to the hypothesis that the spinup of a cyclone occurs as
the upper-level IPV anomaly approaches the East Coast
from the west and extends down toward the separate,
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FIG. 7-18. (a) Three-dimensional perspective of the 2-PVU IPV surface, and sea level pressure isobar pattern (hPa) derived from the
numerical simulation of the Mar 1993 Superstorm. The 6.7-	m GOES water vapor image on 13 Mar 1993 was provided by C. Velden,
University of Wisconsin.
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FIG. 7-19. (left) Eta Model initial analysis of 250-hPa potential vorticity, 300-hPa winds, mean sea level pressure, and equivalent
potential temperature at 1200 UTC 24 Jan 2000. (right) The 6.7-	m GOES water vapor image at 1215 UTC 24 Jan 2000.

low-level IPV anomaly extending up from the boundary
layer toward 700 hPa. Furthermore, the existence and
implied importance of two separate IPV anomalies sup-
port the important roles, and related synergistic inter-
actions, of upper-level dynamical processes and low-
level diabatic processes in the development of Northeast
snowstorms, as discussed in the previous section.

7. Sutcliffe’s self-development concept

The model sensitivity study and related diagnostic
computations (section 5a) and the potential vorticity
framework (section 6) provide a framework to link the
interaction of various dynamic and physical processes
to the rapid development of cyclones and related snow-
storms along the East Coast. The ‘‘self-development’’

concept, relating common conditions leading to rapidly
intensifying cyclones, defined by Sutcliffe and Forsdyke
(1950), discussed by Palmén and Newton (1969, 324–
326), and applied to two East Coast cyclones (Roebber
1993), also provides a basis for describing the inter-
actions of dynamical and diabatic processes that con-
tribute to rapid cyclogenesis often associated with heavy
snowstorms.

The approach of an upper-level trough and/or jet
streak toward a low-level baroclinic zone and a pre-
existing and typically weak surface cyclone form the
basis for self-development (Fig. 7-20). These features
act to focus and enhance the effects of warm-air ad-
vection, and sensible heat and moisture fluxes in the
planetary boundary layer, in combination with latent
heat release above 850 hPa north and east of the surface
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FIG. 7-20. Schematic of the ‘‘self-development’’ concept that de-
scribes how the temperature advections, sensible heat fluxes, and
moisture fluxes in the planetary boundary layer, and latent heat release
associated with cyclogenesis, enhance the amplitude of upper-level
trough–ridge systems, and decrease the wavelength between trough
and ridge axes, which contributes to an increase in upper-level di-
vergence that further enhances cyclogenesis. Orange lines represent
vorticity contours, blue lines are upper-level height contours, and red
lines are low-level temperature contours.

low. The net effect is to warm the lower to middle
troposphere near the axis of the upper-level ridge and
to increase the divergence aloft between the ridge and
the approaching trough axes, a process discussed in de-

tail by Bjerknes (1951, p. 599). The warming affects
the divergence aloft by slowing the eastward progres-
sion of the upper-level ridge and increasing its ampli-
tude. Upstream, a trough moves eastward and amplifies,
partly in response to an amplification in the cold-air
advection pattern to the west of the surface low pressure
center. The decrease in the wavelength between the ad-
vancing trough and the slowing ridge, an increase in the
diffluence corresponding to the spread of geopotential
height lines downstream of the trough axis, and the
increase in the maximum wind speeds of the upper-level
jet streaks all combine to enhance the divergence in the
middle to upper troposphere above the surface low. The
increased upper-level divergence, represented by an en-
hancement of the cyclonic vorticity advections in Fig.
7-20, acts to deepen the cyclone even further. This is
the basic concept of self-development.

As the surface low deepens, the lower-tropospheric
wind field surrounding the storm increases in intensity,
especially to the north and east of the surface low, where
the contribution of isallobaric effects and vertical mo-
tions to air parcel accelerations is large. An LLJ de-
velops to the north and/or east of the storm center, en-
hancing 1) the moisture and heat fluxes within the oce-
anic planetary boundary layer, 2) the moisture transports
toward the region of heavy precipitation, and 3) the
warm-air advections east of the developing cyclone
(Fig. 7-20). Thus, the development of the LLJ further
contributes to the self-development process that contin-
ues until the cyclone occludes and the heating is effec-
tively cut off.

Self-development depends on the following condi-
tions: 1) the existence of upper-level trough–ridge sys-
tems and jet streaks that focus the divergence aloft, a
necessary condition for maximizing mass divergence
and ascent immediately downstream of the developing
surface low; 2) an asymmetrical distribution of clouds
and precipitation that focuses the latent heat release and
associated dynamic feedbacks on the downstream ridge
and polar jet streak, both factors that can enhance the
middle-tropospheric divergence north and east of the
storm center; and 3) warming due to an enhanced low-
level jet and warm-air advection pattern immediately
north and east of the developing coastal cyclone. The
concept accounts for the adiabatic, quasigeostrophic
framework that has been applied to cyclogenesis (Hol-
ton 1979, chapter 7) and also for the various interactions
among the dynamical and diabatic processes shown in
Fig. 7-8. As such, Sutcliffe’s self-development concept
represents a basis upon which the contribution of the
various physical and dynamical processes to rapid cy-
clogenesis along the East Coast, as summarized in Table
7.1, can be described.
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Chapter 8

SUMMARY, FORECAST ADVANCES, AND A NORTHEAST SNOWFALL IMPACT
SCALE (NESIS)

The spectacle of heavy snow and high winds in the
northeast United States has been documented by the
earliest settlers dating to the 17th century (Ludlum
1966). These storms, often referred to as nor’easters,
have drawn the attention of some of this country’s most
notable statesmen, including Benjamin Franklin, George
Washington, and Thomas Jefferson; poets such as Rob-
ert Frost and John Greenleaf Whittier; and the hundreds
of millions of inhabitants who have called the region
home from Virginia northeastward to Maine during the
past four centuries. Some of the most legendary events,
such as the ‘‘great snow’’ of 1717, the Washington–
Jefferson Snowstorm of 1772, the blizzards of 1888 and
1899, the 1922 ‘‘Knickerbocker’’ storm, and the great
New England snowstorm of 1978 can be recalled for
generations by those who have either lived through these
events or learned about them through local lore. Legends
and fascination aside, these winter storms have also
posed enormous challenges to the meteorological re-
search and operational communities who have attempted
to understand and predict them, often with mixed re-
sults. This chapter will summarize some of the key is-
sues raised in this monograph, focusing on the clima-
tological, synoptic, and mesoscale aspects of these
storms, and will also address the advances that have
been made in forecasting Northeast winter storms, as
well as the forecast challenges that remain. Finally, a
Northeast Snowfall Impact Scale (NESIS) is presented
to address the need to communicate to the public the
impact of these winter storms and to provide a quan-
titative measure of the impact of heavy snowfall on the
heavily populated Northeast urban corridor.

1. Climatological–synoptic–mesoscale review

The climatological and synoptic overviews of many
Northeast snowstorms that have occurred throughout the
20th century are focused on the Northeast urban corridor
that includes five major metropolitan areas: Washington,
D.C.; Baltimore, Maryland; Philadelphia, Pennsylvania;
New York City, New York; and Boston, Massachusetts.
Follwing are several important aspects of the snow-
storms that affect the urban corridor:

• Mean seasonal snowfall increases from 15 in. (38 cm)
in Washington to 25 in. (62 cm) as one moves north-

eastward through Baltimore, Philadelphia, and New
York City, to approximately 40 in. (100 cm) in Boston.

• The seasonal snowfall can be quite variable with totals
ranging from minima of 0.1 in. (0.3 cm) in Washing-
ton, 0.7 in. (2 cm) in Baltimore, a trace in Philadel-
phia, 2.8 in. (7 cm) in New York City, and 9.0 in. (23
cm) in Boston to maxima of 55.4 in. (126 cm) in
Washington, 62.1 in. (158 cm) in Baltimore, 63.1 in.
(161 cm) in Philadelphia, 75.6 in. (192 cm) in New
York City, and 107.6 in. (273 cm) in Boston.

• During a given season, total snowfall includes a va-
riety of light, moderate, and heavy snow events, which
vary considerably from one season to the next. For
moderate snow events (snowfall of 4–10 in.; 10–25
cm), there is a gradual increase in the frequency of
these storms as one moves northward from Washing-
ton and Baltimore (where 1 moderate event per season
can be expected), through Philadelphia and New York
City (where 1.5 events per season can be expected),
and toward Boston (where up to 3 moderate events
can be expected on a seasonal basis). This general
increase in the number of moderate snow events be-
tween Washington and Boston should be expected
since there is a greater likelihood that more precipi-
tation will fall as snow in the colder latitudes of New
England. The distribution also reflects the impact of
the eastward-moving storms that track just south of
New England, intensify off the coast of Maine, and
yield significant snows in that region while producing
little or no snowfall from New York City and points
south.

• The heavy snow events [snowfall greater than 10 in.
(25 cm)] occur with much less frequency than the
light-to-moderate snows and can be considered rare
events in the Northeast urban corridor. Washington,
Baltimore, and Philadelphia average one such storm
every 3–4 yr, New York City averages one every 2–
3 yr, while Boston records one storm every 1.5 yr.
The nearly uniform distribution of heavy snow events
between Washington and New York City is linked to
cyclones that typically originate farther south, which
then move northeastward along the coast producing
heavy snow from Virginia toward New York and New
England.

• A maximum of these heavy snowstorms is recorded
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in the month of February for all the cities but Boston,
lending validity to the notion that February is the
month for the ‘‘big snows.’’

Snowfall records that extend up to and over a 125-
yr period for the five major cities and other locations
in the Northeast urban corridor were subjected to a spec-
tral analysis to determine whether seasonal snowfall ex-
hibits any periodic behavior. This analysis revealed that
spectral peaks can be identified for the seasonal snowfall
for each of the five cities, which appear to have non-
random fluctuations on the order of 5–7, 10–12, and 20
yr. The clarity of this signal is muddled by the fact that
the spectral bands are not necessarily dominant and there
is considerable variability diagnosed from city to city.

Given the city-to-city variability in the spectral anal-
ysis and the multiple peaks, it is difficult to identify a
specific, dominant, periodic cycle that can be used as a
basis for describing the seasonal snowfall record. A
more dominant ‘‘signal’’ in the seasonal snowfall his-
tory is the existence of distinct episodes of abnormally
high snow totals, which appear as spikes in the annual
records. These abnormally high snowfall totals tend to
be clustered in 2- or 3-yr periods and are often related
to the occurrence of one or more major snowstorms
within a season, and can follow or precede longer pe-
riods in which below normal snowfall is observed. This
characteristic of the annual snow record may point to a
more ‘‘episodic’’ character of the annual snowfall dis-
tribution than a periodic nature. The net result is a long
period where seasonal snowfall may be of little con-
sequence (e.g., the 1980s into the early 1990s), followed
by a relative onslaught of major snowstorms, accom-
panied by high winds and cold temperatures.

Three periods of excessive snows and related major
snowstorms stand out during the second half of the 20th
century. The first period extends from the late 1950s
through the 1960s, which was characterized by many
snowy winters and major snowstorms and was the snow-
iest such period of the 20th century. The late 1970s saw
several memorable cold waves and snowstorms, espe-
cially from 1977 through 1979, which were preceded
by the tranquil winters of the early and middle 1970s
and followed by the relatively tranquil 1980s (with a
few exceptions). The last period, extending from 1993
through 1996, included the winter of 1995/96, by far
the snowiest winter of the century, and two other sea-
sons with numerous snow and ice storms. During the
March 1993 ‘‘Superstorm,’’ approximately 100 million
Americans saw snow from this storm, perhaps the most
widespread Eastern snowstorm in recent history. During
the January 1996 ‘‘Blizzard of ’96,’’ 30 million people
are estimated to have experienced a snowfall exceeding
20 in. (50 cm), a paralyzing event. This snowy period
followed the relatively quiet period of the 1980s and
early 1990s and was followed by the quiet late 1990s.
Despite all the activity between 1993 and 1996, there
were still two winters surrounding the snowy winter of

1995/96 that saw minimal seasonal snowfall, including
the least snowy season of the century for selected sites
throughout the Northeast.

To summarize, an examination of winter seasons
within the Northeast urban corridor shows the follow-
ing:

• the heavy seasonal snowfall tends to be episodic in
nature, and

• the snowy winters often occur with distinct major
snowstorms, which are relatively rare.

Federal, state, and municipal agencies face enormous
challenges in planning, budgeting, and responding to
such events. The rare and episodic character of North-
east snowstorms also adds to the challenge for meteo-
rologists who have to forecast these storms with the
confidence and reliability required so that proper pre-
cautions can be taken in advance of their occurrence.

Two modes of surface cyclonic development char-
acterize the 30-sample study of heavy snowstorms with-
in the Northeast urban corridor. One mode is the ‘‘Gulf
of Mexico–Atlantic coast’’ development, where a sur-
face low forms near the Gulf of Mexico and moves
northeastward along the Atlantic coast, sometimes with
the surface low pressure center ‘‘leapfrogging’’ up the
coast. The other mode is the ‘‘Atlantic coastal redevel-
opment,’’ which involves a primary cyclone diminish-
ing in intensity as it approaches the Appalachians while
a secondary low develops along the Carolina coast and
heavy snow falls across the Northeast urban corridor.
Many of these coastal cyclones deepen rapidly, with the
cyclones exhibiting an average deepening period of 36
h and a mean decrease in pressure of 30 hPa.

Two modes of anticyclone configurations also char-
acterize the sample. In general, the location of the an-
ticyclone, typically over eastern Canada, north to north-
west of the developing cyclone, plays a crucial role in
providing cold, near-surface air (without modification
from the Atlantic Ocean) that allows the precipitation
to reach the ground as snow.

At upper levels, very distinctive patterns are observed
with the snowstorm sample. Prior to heavy snowfall, a
‘‘split flow’’ regime with an upper ridge over western
Canada and a strong shortwave disturbance and asso-
ciated or jet stream across the southwestern United
States are common signatures. The surface cyclones are
associated with upper troughs with increasing ampli-
tudes, decreasing wavelengths, diffluence downwind of
the trough axis, and three modes of evolution. The most
common mode involves the evolution of an open-wave
trough into a closed low, or ‘‘cutoff’’ low. Another com-
mon signature is the presence of a deep trough and jet
stream over eastern Canada, sometimes associated with
a high-amplitude ridge over the North Atlantic. Within
these jet streams, localized jet streaks are also common
signatures, with a dual-jet pattern and a related ‘‘lateral’’
coupling of transverse circulation patterns identified as
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important signatures that characterize many of the snow-
storms.

Thirty snowstorms are selected to represent heavy
snow situations in the heavily populated Northeast cor-
ridor. An additional 37 cases classified as ‘‘near miss’’
snowstorms are also examined to distinguish what con-
ditions lead to heavy snowfall and what conditions re-
duce the likelihood of snowfall in the urban corridors.
Three categories of near-miss cases are examined, in-
cluding so-called interior snowstorms, moderate snow-
storms, and ice storms. For interior snowstorms, a num-
ber of factors favor heavy interior Northeast snowfall
amounts with snow changing to rain along the coast.
These factors include a more pronounced amplification
of the upper trough–ridge that allows 1) the surface low
to track farther west than their heavy snow counterparts
and 2) the surface anticyclone to drift farther east. These
factors combine to force warmer air toward the coast-
line, favoring rain versus snow in the urban corridor
while the heaviest snows occur inland.

With moderate snowstorms, snowfall in the Northeast
urban corridor is diminished with weaker upper-level
troughs, less well-defined jet streaks, weaker surface
cyclogenesis, and faster-moving storm systems. How-
ever, the same mechanisms (marked by confluent flow
over the northeast United States) that allow cold, low-
level air to remain near the coast in the major snowstorm
sample are also present here. With ice storms, heavy
snow does not materialize in a number of the scenarios
that allow cold air to remain at the surface and warm
air to flow aloft. One significant scenario involves a very
strong anticyclone, similar to the heavy snow situations,
but with an upper-level trough that moves northwest of
the urban corridor, rather than just to the south, allowing
warmer air to flow northeastward above a shallow dome
of cold air remaining at the surface. The resulting ver-
tical temperature profiles support freezing rain and/or
sleet with little or no snow.

The mesoscale aspects of Northeast snowstorms, both
in terms of mesoscale detail found within synoptic-scale
snowbands, as well as relatively small, isolated areas of
significant snowfall, are also described and related to
the presence of jet streaks, slantwise instabilities, front-
ogenesis, inverted sea level troughs, gravity waves, and
‘‘bay effect’’–type enhancements. The mesoscale nature
of Northeast snowstorms is often the most difficult to
diagnose and predict. Rapid changes in the development
and decay of heavy snowbands as well as boundaries
(such as the rain–snow line and the observation of heavy
snowbands located toward the northwest region of the
overall snowfall distribution) are mesoscale aspects that
represent profound challenges to forecasters.

Recent advances, especially the Next-Generation
Doppler Radars (NEXRAD), have improved the ability
to observe the mesoscale structure of snow events and
greatly facilitate short-term predictions. Improvements
in forecasting mesoscale snowfall are likely to rely on
continued advancements in numerical weather predic-

tion models and observing systems such as satellites
and radar. Advancements in computer technology and
associated forecast systems that allow forecasters ready
access to the data from models and observing systems,
and provide for the rapid dissemination of short-term
forecasts and warnings, will also be crucial for improv-
ing the entire suite of forecast products associated with
winter storms.

2. Processes contributing to the episodic character
of Northeast snowstorms

What factors account for the episodes of heavy snow
along the Northeast coast? Perhaps part of the answer
lies with the nature of the global circulation within which
these storms develop and propagate. Several aspects of
the general circulation pattern appear to play important
roles in the occurrence of snowstorms that affect the
Northeast urban corridor and are listed below:

• The establishment of an upper trough in eastern Can-
ada in association with a negative height anomaly in
the middle and upper troposphere is a very important
factor. On many occasions, this negative height anom-
aly is also coupled with a positive height anomaly
associated with a blocking ridge across northeastern
Canada, Greenland, the Davis Strait, the Labrador Sea,
Iceland, and the surrounding North Atlantic. These
features are correlated to the negative phase of the
North Atlantic Oscillation (NAO), in which a positive
height anomaly over the North Atlantic near Green-
land and Iceland correlates with a negative height
anomaly across the northeastern United States and
eastern Canada. This pattern acts to maintain an upper-
level trough–jet streak across eastern Canada that can
result in reinforcing cold-air outbreaks in the northeast
United States.

• The negative phase of the NAO is particularly favor-
able for Northeast snowstorms since the confluent up-
per-level height pattern typical with a deep eastern
Canadian trough and its associated jet streaks are im-
portant components for sustaining a strong surface
anticyclone as a source for the low-level cold air along
the Northeast coast through a direct circulation within
the entrance region of an upper-level jet streak. An
intriguing finding is the occurrence of several snow-
storms following the nadir of a negative NAO period.
This finding implies that the negative phase of the
NAO may establish conditions for heavy snowfall but
those conditions must ‘‘relax’’ for the snowstorms to
affect the Northeast urban corridor.

• Another global circulation pattern that can contribute
to Northeast snowstorms is the appearance of an upper
ridge across the north Pacific that can extend into
Alaska. When this ridge is located north of a separate
westerly flow regime, a split-flow pattern develops.
This flow regime provides the southward advection of
cold air from northern Canada to the United States,
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FIG. 8-1. Schematics of factors that contribute to heavy snowfall along the Northeast urban corridor (a) during the
initial development of the snowstorm and (b) when the snowstorm is fully developed.
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FIG. 8-2. (top) U.S. Weather Bureau forecasts made prior to the 26 Dec 1947 snowstorm. (bottom) Front page of New York Times on
27 Dec 1947, the day following the snowstorm.
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FIG. 8-3. Limits of predictability of public weather forecasts (from Cressman 1970).

while also supporting weather disturbances that move
from west to east in the southern branch that could
lead to cyclogenesis in the southern third of the United
States. These cyclones can then develop into major
winter storms that draw in both the moisture from the
Gulf of Mexico and Atlantic Ocean, and the colder
air associated with the northern stream.

• The episodic nature of the snow events may also be
associated with other global circulation regimes such
as the Southern Oscillation (SO; or El Niño or ENSO)
that have been linked (with the warm phase termed
El Niño) to enhanced cyclonic activity that tracks
across the southern United States and then along the
Northeast coast. On occasion, the increased cyclone
activity may be associated with enhanced snowfall
along the East Coast when cold air combines with the
enhanced storminess. However, in other years, snow-
fall may be low since cold air is prevented from en-
tering the northeast United States when an El Niño
episode is very strong, resulting in the heavy precip-
itation falling as rain rather than snow along the East
Coast. During the opposite cold phase, or La Niña,
snowfall is typically below normal in the Northeast
urban corridor.

While the large-scale circulation pattern provides an
important framework within which these storms evolve,
the development of the snowstorm itself represents a
manifestation of a complex interaction among many
physical processes that occur on the synoptic to me-

soscales (Fig. 8-1; Table 7-1). Upper-level trough–ridge
systems provide divergence and ascent required for cy-
clogenesis. Jet streaks embedded within this trough–
ridge system help focus the ascent patterns, transport
potential vorticity toward the developing cyclonic cir-
culation, and enhance low-level temperature gradients
and moisture transports that are required for heavy
snowfall. Cold anticyclones generally have to be posi-
tioned to the north of the developing cyclone to sustain
the source of low-level cold air required for snow. Me-
soscale processes such as cold-air damming, coastal
frontogenesis, low-level jet streaks, and conditional
symmetric instability all contribute to enhancing the bar-
oclinic environment for cyclogenesis and focus the
moisture transports and ascent that enhance the snowfall
rates within the urban corridor. Sensible and latent heat
fluxes over the ocean and latent heat release within the
developing cyclone all act to contribute to the cyclone’s
rapid intensification. When all of these processes are
combined during cyclogenesis in such a way to maxi-
mize the thermal advections and moisture transports to-
ward the coast, enhance ascent, and still maintain a deep
enough layer of cold air along the coast (Fig. 8-1b),
heavy snow is the outcome in the Northeast urban cor-
ridor.

3. Advances in the prediction of Northeast
snowstorms

Sixty years ago, weather forecasting was based on
examining surface weather observations, applying basic



C H A P T E R 8 239S U M M A R Y , F O R E C A S T , A N D N E S I S

FIG. 8-4. (top) A 12-h forecast of the 500-hPa geopotential height field at 0300 UTC 25 Nov 1950 (from Charney and Phillips 1953).
(bottom left) Analyzed 500-hPa geopotential heights (solid) and vorticity (dashed) at 0600 UTC 25 Nov 1950 (from NCEP–NCAR reanalysis
dataset). (bottom right) Surface analysis at 0630 UTC 25 Nov 1950.

physical and thermodynamic principles, and then mak-
ing a subjective forecast based mainly on the experience
level of the forecasters. [For a description of how fore-
casts were made in the 1940s, the reader is referred to

Stewart (1941).] Weather forecasting in the early and
middle 20th century was considered more of a subjec-
tive art than a science, an art that unfortunately became
perhaps better known for spectacular failures than suc-
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→

FIG. 8-5. Medium- and short-range forecasts of the Feb 1978 New England snowstorm. (top left) An 84-h forecast from the primitive
equation (PE) baroclinic model valid at 1200 UTC 7 Feb 1978, (top middle) 72-h manual forecast from the National Meteorological Center
(NMC, now known as the National Centers for Environmental Prediction; from Brown and Olson 1978), (top right) surface analysis at 1200
UTC 7 Feb 1978. (middle) Short-range (12–48-h forecasts) of 500-hPa geopotential heights (vorticities) and surface pressure (1000–500
hPa geopotential thickness) from NMC LFM model initialized at 1200 UTC 5 Feb 1978. (bottom) Verifying 500-hPa heights (winds) and
surface pressure (fronts, precipitation type: green, rain; blue, snow) between 0000 UTC 6 Feb 1978 and 1200 UTC 7 Feb 1978.

cesses. For example, New York City’s greatest snowfall,
on 26 December 1947, was severely underpredicted,
even as the heavy snow enveloped the city (Fig. 8-2).
Similar situations occurred during the major snow-
storms of February 1969 and 1979. Because of such
highly publicized forecast failures, the occasionally cor-
rect forecast was not accepted with much confidence.
Public officials and agencies responsible for public safe-
ty were slow to react since forecasts did not have the
credibility required for people to take necessary action
to mitigate the potential impact of an impending storm.
Cressman’s (1970) review of forecast skill in the 1960s
shows that the time interval for a useful snow prediction
was on the order of 12 h, which was lower than the 1-
day skill limit placed on hurricane forecasts at that time
(Fig. 8-3).

As discussed by Shuman (1989), Platzman (1979,
1990), and N. A. Phillips (2001, unpublished manu-
script), the first numerical prediction experiments, dur-
ing January and February 1949, were applied to winter
cyclones. These experiments were based on a one-level
barotropic model run on the Army’s Electronic Nu-
merical Integrator and Computer (ENIAC) in Aberdeen,
Maryland. Charney and Phillips (1953) utilized these
first pioneering experiments to develop a two-level geo-
strophic model, and then expanded that model to three
levels (N. A. Phillips 2001, unpublished manuscript).
The first ‘‘test case’’ for these models was the November
1950 ‘‘Appalachian Storm,’’ which is discussed in vol-
ume II, chapter 9. Some results from the two-level mod-
el are reproduced from Charney and Phillips (1953) as
Fig. 8-4 and show a 12-h prediction for 500-hPa heights
associated with a major storm development over the
eastern third of the country.

While the forecasts for the November 1950 cyclone
may be considered crude by today’s standards, they pro-
vided the foundation for one of the great advances for
the science of meteorology: the development of complex
numerical model systems applied to weather prediction
problems and used in real-time weather forecasts. There
were a number of early successes, but the failures were
memorable and provided the impetus for improving the
models through the 1960s and into the 1970s. The major
breakthrough during this period was the introduction of
hemispheric, and then global, models in the 1970s and
1980s that incorporated physical processes such as latent
and sensible heating and that make better use of global
datasets to initialize the models. Following the suc-
cessful early forecasts of the great New England snow-
storm of February 1978, even 3 days in advance (Fig.

8-5, top), the operational numerical predictions of the
Presidents’ Day Snowstorm of February 1979 (Fig. 8-6,
bottom) failed to forecast the rapid cyclogenesis or the
heavy snow even 12 h in advance. Much research fol-
lowed to help resolve limitations of the operational mod-
els (Bosart 1981; Bosart and Lin 1984; Uccellini et al.
1984, 1985, 1987), especially with regard to the impor-
tance of increased model resolution and improved bound-
ary layer parameterizations. Research led to improved
forecasts of oceanic sensible and latent heat fluxes, as
well as cold-air damming and coastal frontogenesis.
Meanwhile, operational forecasts of a late season snow-
storm in April 1982 (see volume II, chapter 10.19) and
the February 1983 ‘‘Megalopolitan’’ (Fig. 8-7; volume
II, chapter 10.20) demonstrated a high degree of success,
even though some details about the northern spread of
snowfall in February 1983 were not well predicted.

Despite a steady improvement in the forecasts for the
middle and upper-tropospheric circulation regimes in
the 1960s and 1970s [as measured by skill scores for
the 500-hPa height prediction (Bonner 1989)], forecasts
of surface cyclones and their associated weather did not
improve until the middle to late 1980s (Sanders 1987;
Uccellini et al. 1999). The introduction of sophisticated
global data assimilation systems, higher-resolution glob-
al and regional numerical models, and the application
of these models on state-of-the-art supercomputers
around 1985 paved the way for improved predictions
of cyclogenesis as far as 5 days in advance (Uccellini
et al. 1999). Numerical model forecasts of winter storms
even captured mesoscale detail in some instances (see
Kocin et al. 1985). In 1987, two major January snow-
storms were relatively well forecast (see volume II,
chapters 10.21 and 10.22) while some of the early fore-
casts of the February 1987 snowstorm (see volume II,
chapter 10.23) failed to merge separate troughs and
therefore lacked any significant cyclogenesis, a process
also noted by Reed et al. (1992). However, within 1–2
days of the storm’s greatest impact, the forecast models
began to resolve the upper trough interaction and better
simulated the cyclogenesis. In November 1987 (see
chapter 6), operational models suggested an early season
snowstorm across the Northeast urban corridor, but
failed to differentiate the large differences in snowfall
accumulations between heavy snow in Washington and
Boston, and light snowfalls in Philadelphia and New
York City. By the early 1990s, major primary and sec-
ondary cyclone events were often being forecast with
‘‘useful skill’’ 3–5 days in advance, even for ‘‘data
void’’ regions of the North Atlantic and Pacific Oceans
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FIG. 8-6. Analyses and short-range forecasts of the February 1979 Presidents’ Day Snowstorm. (top) The 500-hPa geopotential heights
and winds and surface analysis valid at 1200 UTC 19 Feb 1979. (middle) LFM 36-, 24-, and 12-h forecast 500-hPa geopotential heights
(and vorticity; dashed) valid at 1200 UTC 19 Feb 1979. (bottom) LFM 36-, 24-, and 12-h forecast sea level pressure (1000–500 hPa
geopotential thickness) valid at 1200 UTC 19 Feb 1979.
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(see Grumm 1993; Stokols et al. 1991; Tracton 1993;
Uccellini et al. 1999).

From the summary presented above, one can con-
clude that the accuracy of weather forecasting, even for
a rare event such as a major Northeast snowstorm, can
be attributed to the introduction of numerical models
into the forecast process beginning in the 1950s, the
continued improvements made to the numerical models
and global data, and the overall professional develop-
ment of forecasters whose training and education are
based heavily on understanding the strengths and weak-
nesses of the models. Today, forecasts made within the
National Weather Service are based on a modernized
‘‘end to end’’ forecast process (Wernly and Uccellini
2000) that involves the following:

• global observations based heavily on remote obser-
vations such as automated surface observations, ra-
winsondes, satellite and radar data, and wind profiler
and aircraft data;

• model-based data assimilation systems that take ad-
vantage of the strengths of various observing systems
(e.g., horizontal coverage of satellite temperature and
wind data) while minimizing their weaknesses (e.g.,
poor vertical resolution of satellite data);

• 16-day global model simulations run once per day and
84-h mesoscale model simulations run four times each
day;

• statistical models used to forecast weather elements
directly from the numerical model output;

• production of national guidance products by central
and regional hydrological forecast offices for hydro-
meteorological, hydrologic, aviation, marine, tropical,
and severe storm predictions;

• production of local forecast and warnings for the gen-
eral public, and aviation, marine, and fire weather per-
sonnel by local forecast offices; and

• coordination and outreach among forecasters and the
national/local emergency management community.

This process has served as a basis for several re-
markable forecasts of East Coast cyclones in the early
and middle 1990s (e.g., the October 1991 ‘‘Halloween
Gale’’ or ‘‘Perfect Storm’’ along the East Coast, and the
December 1992 storm that produced record snows in
the Appalachian Mountains; see volume II, chapter
11.1).

The forecasts for the March 1993 Superstorm (Fig.
8-8; see volume II, chapter 10.24) represent perhaps one
of the best efforts at predicting a Northeast snowstorm
(Uccellini et al. 1995). The superstorm was predicted 5
days in advance with winter storm and blizzard warn-
ings issued with unprecedented lead times up and down
the East Coast (Fig. 8-9). Forecasts for 1–3 ft (30–90
cm) of snow were issued a day prior to the storm and
verified over a large area of the Appalachian Mountains
and the Northeast. The vast distribution of the snow and
the evolution of the rain–snow line near the Northeast
urban corridor were both predicted with an accuracy

and a level of confidence that led to the public recog-
nition that followed. The front page of the Boston Her-
ald issued prior to the storm (Fig. 8-10) serves as a
reminder of the impact of a successful forecast for a
major winter storm and the reaction of the public to the
forecasts. The newspaper’s emphasis on the likelihood
of a major winter storm, expected impacts, and the pre-
paredness efforts of the emergency management com-
munity in anticipation of the storm saved lives and con-
tributed to mitigation efforts to minimize public danger.
The contrast of this front page treatment of the March
1993 Superstorm to the weather forecast of rain fol-
lowed by ‘‘fair’’ weather, which preceded the ‘‘Blizzard
of ’88’’ a century before (see Fig. 9-1, volume II) serves
as a dramatic illustration of the advances made in fore-
casting major nor’easters and represents a defining mo-
ment in the public’s confidence in those forecasts to take
necessary steps to mitigate its impact.

The forecasts for the January Blizzard of 1996 (see
volume II, chapter 10.27) that crippled the East Coast
represented a repeat performance for the entire forecast
community. While numerical forecasts 3–5 days in ad-
vance were not as consistent in forecasting an East Coast
storm, operational models later converged on the de-
velopment of a major snowstorm 1–2 days prior to the
heavy snow (Fig. 8-11). This resulted in forecasts issued
for snowfall ‘‘measured in feet,’’ rather than in inches,
across the Northeast urban corridor a day prior to the
snowfall. Even with the early indications of a major
event for the mid-Atlantic states, early forecasts did not
adequately foretell the heavy snow falling from New
York City to Boston, similar to the forecast of the 1983
Megalopolitan Snowstorm (see volume II, chapter
10.20). However, those areas were alerted to the poten-
tial for another historic snowstorm a day in advance.
Warnings for blizzard conditions and heavy snowfall
dominated the media a day before, allowing governors
of several states to declare states of emergency and ma-
jor airlines to cancel and reroute flights before the first
flakes fell.

The forecasts for the March 1993 and January 1996
storms are remarkable not only for their accuracy and
public response, but especially because the magnitudes
of these two storms place them well within the realm
of the ‘‘rare event’’ that has, in the past, made such
storms unforecastable and unforgettable. Model simu-
lations of the record-setting New England snowstorm
of 31 March–1 April 1997 (see volume II, chapter 10.28)
had mixed success 3 days in advance, but within 24 h
of the major cyclogenesis and heavy snows, model fore-
casts of the location and intensity of the surface low
were remarkably accurate (Fig. 8-12).

Even with the forecast successes noted above, there
are no guarantees that all major snowstorms will be
predicted with similar accuracy. The forecasts of the
March 1993 Superstorm, the January Blizzard of 1996,
and the New England snowstorm of 31 March–1 April
1997 led many to believe that new forecast standards
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FIG. 8-8. Short-range forecasts (60–12-h forecasts from the NMC AVN) of sea level pressure (1000–500 hPa geopotential thickness) for
the Mar 1993 Superstorm, valid at 0000 UTC 14 Mar 1993 (from Caplan 1995), including a surface analysis valid at 0000 UTC 14 Mar
1993.

←

FIG. 8-7. Operational 36- and 48-h forecasts of the Feb 1983 ‘‘Megalopolitan’’ Snowstorm. (top) Sea level pressure (solid) and 1000–500
hPa geopotential thickness (dashed); (middle) 500-hPa geopotential heights (vorticities) and (bottom) 700-hPa vertical motions and precip-
itation amounts valid at (left) 1200 UTC 11 Feb 1983 and (right) 0000 UTC 12 Feb 1983.
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FIG. 8-9. Comparison of lead times for winter storm watches and blizzard warnings [heavy snow warnings
were issued at Columbia, SC (CAE)]; forecasts were issued by the local NWS Forecast Offices in the Eastern
Region of the National Weather Service: RDU, Raleigh–Durham, NC; WBC, Washington, DC–Sterling, VA;
PHL, Philadelphia, PA; CRW, Charleston, WV; PIT, Pittsburgh, PA; CLE, Cleveland, OH; NYC, New York
City, NY; BUF, Buffalo, NY; ALB, Albany, NY; BOS, Boston, MA; and PWM, Portland, ME. Lead times
are in h. [Adapted from Uccellini et al. (1995).]

had been attained that could be applied to future events.
In fact, there were still significant errors contained with-
in these good forecasts, which lends credence to an old
aphorism: ‘‘the devil lies in the details.’’ In 1993, the
observed cyclogenesis in the Gulf of Mexico was vastly
underpredicted although most models were correct in
predicting a very deep cyclone, but the errors in location
and intensity of the initial cyclogenesis likely resulted
in poor forecasts of coastal flooding in Florida that led
to the loss of several lives. Also, the forecast of heavy
snow was not perfect, in that observed snowfall was
heavier farther west than indicated, resulting in heavy
snowfall in places such as eastern Ohio, which did not
expect much snow. Prior to the January 1996 blizzard,
some early forecast models indicated that the storm
would move out to sea with little effect on New York
City and southern New England. As the event drew
closer, the models shifted the snows farther and farther
north. In the April 1997 storm, the deep cyclone was
relatively well forecast but the very heavy band of snow
[20–30 in. (50–75 cm)] that affected eastern New Eng-
land from late on 31 March through the late morning
of 1 April was a surprise in its duration and intensity.

Therefore, it appears that while the forecast and tim-
ing of the rapid cyclogenesis that accompanies many of

these snowstorms have significantly improved since the
days of the 1979 Presidents’ Day Snowstorm, the details
of the resulting precipitation amounts and their locations
continue to be a major source of forecast error.

It also appears that the precipitation distribution of
some storms appears to be more predictable than that
of others. With the dawn of the 21st century, the snow-
storms of 24–25 January 2000, 30 December 2000 (see
volume II, sections 10.29 and 10.30) and 4–6 March
2001 (see section 8.4) clearly showed the limitations of
snowfall prediction without an appreciation of predict-
ability and uncertainties.

The 30 December 2000 and 4–6 March 2001 snow-
storms are both cases in which the cyclogenesis was
predicted 5 days or more in advance of each storm.
However, just 24–48 h prior to the 30 December 2000
snowstorm, some forecast models pointed to a distinct
possibility of significant snow from Washington to New
York City. While that forecast verified in Philadelphia
and New York City, residents from Washington to east-
ern Pennsylvania woke to sunshine rather than the fore-
cast heavy snow (see chapter 6 and Fig. 6-19). As on
30 December 2000, the 4–6 March 2001 cyclone and
snowstorm potential were foreseen 5–7 days in advance.
However, with each successive forecast cycle, the area
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FIG. 8-10. Headline from the Boston Herald for 13 Mar 1993. Reprinted with permission
(from Uccellini et al. 1995).

of predicted heavy snowfall kept creeping northward.
As the event drew closer, the snowfall bypassed a sub-
stantial portion of the forewarned urban corridor, cre-
ating a public furor over ‘‘hyping’’ the storm. Consid-
ering that forecasters at one point were looking for the
heaviest snow accumulations possibly as far south as
North Carolina, while they ultimately occurred from
central New York to southern and central New England,
points to the conclusion that there is still much that
needs to be learned before we can consistently and ac-
curately predict the area and timing of the heavy snow
associated with these storms.

The 24–25 January 2000 snowstorm is an example
of not only failures in forecasting precipitation amounts
and location, but also represents failures in forecasting
the onset of cyclogenesis, even 24 h in advance. In this
case, medium-range (3–5 day) forecasts missed the
event completely. Short-term models (1–2 day) erro-
neously forecast the cyclone and its associated heavy
precipitation farther east than was actually observed,
resulting in a major unforecast snowstorm in the Wash-
ington, Baltimore, and Philadelphia metropolitan areas.
As the event approached, the model forecasts still had
the storm track 100 km too far east even 24 h before
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FIG. 8-11. The 36-h forecasts of the January 1996 blizzard. (top) Surface analysis at 1200 UTC 6 Jan 1996, the time of model initialization
for the subsequent forecasts. The middle four panels show 36-h forecasts of sea level pressure and 1000–500-hPa thickness valid at 0000
UTC 8 Jan 1996 from the Nested Grid Model (NGM), Eta, AVN, and Meso-Eta numerical models. (bottom) Surface analysis valid at 0000
UTC 8 Jan 1996.
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FIG. 8-12. The 24-h forecasts of the 31 Mar–1 Apr 1997 snowstorm. (top) Surface analysis at 0000 UTC 31 Mar 1997, the time of model
initialization for the subsequent forecasts. The middle five panels show 24-h forecasts of sea level pressure and 1000–500-hPa thickness
valid at 0000 UTC 1 Apr 1997 from the NGM, Eta, AVN, Meso-Eta, and regional spectral models. (bottom) Surface analysis valid at 0000
UTC 1 Apr 1997.
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the event and kept the heaviest precipitation east of the
Washington-to-Philadelphia metropolitan areas (Fig. 8-
13). Later model runs did bring the cyclone and pre-
cipitation farther west, but it was too little and too late
for a successful forecast, even 12 h before the event
from North Carolina to southeastern New York (Fig. 8-
13c).

Challenges include improving the initialization of nu-
merical models and addressing related observation is-
sues, especially in the regions upstream (Pacific Ocean
and polar regions), a step that would add more consis-
tency to the extended-range forecasts of East Coast
storms. Another challenge involves improving the me-
soscale details of the short-range forecasts, by enhanc-
ing the ability to predict the exact timing, position, and
movements of the rain–snow line, the area of mixed
precipitation, and the position of heavy snow bands and
the associated mesoscale distribution of heavy snowfall.
This forecast challenge is being addressed by the com-
bined use of Doppler radar and digital geostationary
satellite data and the improvements in mesoscale models
with resolutions approaching 10 km. There is still much
room for improvement to ensure a reliable, consistent
forecast ability that can be sustained from one storm to
the next, which thus can meet the raised expectations
of the public who expect forecasts to be more accurate
and consistent.

Another challenge involves extending the range of
predictability of Northeast snowstorms and the means
to assess properly the degree of uncertainty of these
types of systems. Forecasters’ observations that some
storms appear more reliable to current forecast tech-
niques begs for an understanding of why some storms
seem to be inherently predictable several days in ad-
vance while others are problematic right up to the event.
The continued expansion of ensemble model predictions
(Tracton and Kalnay 1993), based on numerical predic-
tions from many perturbed initial states, could serve as
the basis for meeting this challenge. Today, medium- to
long-range forecasts (3 days and beyond), and even
short-range (1–2 days) forecasts, are impacted by a run-
to-run model variability that detracts from the accuracy
and reliability of the forecast and the confidence with
which this forecast can be issued. The ensemble model
approach should provide for more stable and more likely
forecast solutions out to a week in advance, allowing
the forecaster to interact with the public and the emer-
gency management community with a measured level
of confidence, or certainty, when forecasting these
events.

Another major challenge facing the forecast com-
munity remains the forecast of light to moderate snow
events that affect the Northeast urban corridor more
frequently than the major storms that grab the headlines.
Even today, forecasters seem to have greater difficulty
with predicting storms that can come and go quickly
and affect relatively small domains. Indeed, there is a
growing awareness that some of the cyclones associated

with the ‘‘big storms’’ may be more predictable in ad-
vance than the smaller snow events. The inability to
make consistent predictions of the light to moderate
events also erodes public confidence. Improvements in
mesoscale modeling and more sophisticated data assim-
ilation schemes, based on more detailed mesoscale da-
tasets, will lead to a better understanding of these snow
events and our ability to forecast them.

Finally, a continuing effort is envisioned to develop
an even more comprehensive group of cases, covering
a larger variety of storms over a longer period of time.
The compilation of major snowstorm cases will be ex-
tended forward in time as new storms occur. It will also
be expanded back in time to include all the major North-
east snowstorms for which data are available. Of course,
much of the original data prior to the middle 1940s
consist only of surface measurements. However, the sur-
face patterns still contribute to an understanding of
many of the physical processes described throughout
this monograph. Additional research, ranging from cli-
matological reviews to model-based case studies, to-
gether with improved observations, especially over the
data-sparse oceans, are all needed. It is only through a
combination of research efforts that our understanding
of these storms will be enriched and our ability to fore-
cast them with acceptable consistency and increasing
lead times may be realized.

4. Northeast Snowfall Impact Scale (NESIS)
derived from Northeast storm snowfall
distributions

A Northeast Snowfall Impact Scale (NESIS), a scale
that can be used to make a relative comparison of the
snowstorms presented in this monograph and to provide
a quantitative means for making such an assessment is
presented in this section. As discussed by Kocin and
Uccellini (2004), 30 snowstorms described in chapters
3 and 4 form the basis for NESIS. These 30 snowstorms
were all characterized by snowfall distributions with
large areas of 10-in. (25 cm) accumulations and greater
and affected millions of people (Table 3-1; Figs. 3-2a,b).
These snowfall distributions, mapped onto the popula-
tion of the northeast United States, provide a ‘‘cali-
brated’’ basis for NESIS. NESIS makes use of Geo-
graphic Information Systems (GIS) technology, which
facilitates the digital mapping of snowfall distribution
and population density and takes the following form:

Northeast Snowfall Impact Scale (NESIS)
x

� � [n * (A /A � P /P )].n mean n mean
n (8.1)

In equation (8.1), n represents selected values of
snowfall (in in.) divided by 10, n � 1 is used for the
area of snowfall 10 in. (25 cm) and greater, n � 2 is
used for the area 20 in. (50 cm) and greater, and so on.
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FIG. 8-13. Forecasts of the 24–25 Jan 2000 snowstorm from the operational Eta Model: (left) 36-, 24-, and 12-h forecasts of sea level
pressure (solid) and thickness (dashed) valid at 1200 UTC 25 Jan 2000 and (right) 48-, 36-, and 24-h forecasts of total precipitation valid
at 0000 UTC 26 Jan 2000.
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FIG. 8-14a–e. Storm snowfall in excess of 10 (solid line), �25 (light blue), �50 (dark blue), and �75 cm (red) for all 30
snowstorms used to generate the NESIS scale, with corresponding NESIS value.
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FIG. 8-14b. (Continued )
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FIG. 8-14c. (Continued )
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FIG. 8-14d. (Continued )
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FIG. 8-14e. (Continued )
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TABLE 8-1. Estimated area (� 103 mi2) and population [(pop.) in millions, 1999 census], affected by snowfall accumulations of 4 (10),
10 (25), 20 (50), and 30 in. (75 cm) during 30 Northeast snowstorms (Fig. 8-14), Ranked (from highest to lowest) NESIS values (using
1999 census data) are computed from the total snowfall distribution of 30 cases used to calibrate the NESIS equation.

Rank Date

4-in.

Area Pop.

10-in.

Area Pop.

20-in.

Area Pop.

30-in.

Area Pop. NESIS

1
2
3
4
5
6
7
8
9

10

12–14 Mar 1993
6–8 Jan 1996
2–5 Mar 1960

10–12 Feb 1983
5–7 Feb 1978
2–5 Feb 1961

14–17 Feb 1958
19–21 Jan 1978
11–14 Jan 1964
25–28 Dec 1969

386.0
313.8
590.4
157.1
220.2
369.3
282.6
295.2
356.5
250.6

89.2
82.3

108.6
58.5
67.4
85.0
72.0
79.5
87.6
61.2

283.5
200.1
140.8
112.6
132.3
114.0
129.2
167.7
129.6
138.7

66.8
66.1
57.0
51.6
48.0
50.7
54.6
53.1
51.2
25.9

142.4
90.2

7.6
33.7
30.7
19.4
20.2

8.3
10.3
37.6

19.6
39.8

8.5
25.7
16.0

8.7
6.0
3.2
1.5
4.0

12.9
15.1

0.9
0.9
1.4
3.4

1.8
5.1

0.2
1.2
0.2
0.8

12.52
11.54

7.63
6.28
6.25
6.24
5.98
5.90
5.74
5.19

11
12
13
14
15
16
17
18

29–31 Jan 1966
21–23 Jan 1987

8–12 Feb 1994
11–13 Dec 1960
17–19 Feb 1979
18–20 Feb 1972
22–28 Feb 1969
18–21 Mar 1958

371.4
286.9
280.0
302.9
304.0
206.3
101.7
146.7

83.1
79.1
86.5
68.0
72.1
59.5
20.6
53.7

111.7
153.7

57.7
78.5
88.2

140.9
48.4
62.1

22.2
38.4
39.3
48.0
36.9
24.5
10.3
40.7

12.3
2.0
4.4
0.6
4.3

13.5
40.8
13.8

2.4
0.1

13.4
2.5
3.0
1.4
8.2
7.5

1.5

24.2
3.5

0.5

4.2
0.7

5.05
4.93
4.81
4.47
4.42
4.19
4.01
3.92

19
20
21
22
23
24
25
26
27

5–7 Feb 1967
23–25 Dec 1966

6–7 Apr 1982
2–4 Feb 1995

18–21 Jan 1961
8–10 Feb 1969

24–26 Jan 2000
30–31 Dec 2000
31 Mar–1 Apr 1997

246.0
292.2
258.3
200.1
144.9
107.5
205.6
103.8

76.4

81.1
63.0
75.5
62.6
57.4
40.4
64.9
40.0
31.9

50.9
89.8
79.3
98.0
62.3
66.4
74.2
56.5
32.0

44.8
18.1
28.7
29.9
43.0
31.2
23.6
28.0
13.0

9.9
2.1

5.7
11.6

0.3
3.7

13.1

1.4
0.6

2.9
9.6
0.2
1.4
7.0 3.1 2.2

3.82
3.79
3.75
3.51
3.47
3.34
3.14
2.48
2.37

28
29
30

18–19 Mar 1956
25–26 Jan 1987
22–23 Feb 1987

64.9
74.3
61.3

44.8
34.8
35.6

28.6
38.0
28.3

32.8
11.5
16.6

2.6

0.3

2.6

0.1

2.23
1.70
1.46

To account for snowfall exceeding 4 in., n � 0.4 is also
included in (8.1).

Here, An is the estimated area of snowfall exceeding
n (� 10) in. for any given snowstorm, and Amean is the
mean area of snowfall greater than 10 in. (25 cm) de-
rived from the 30 major snowstorms described in chap-
ters 3 and 4 for the 50 yr from 1950 to 2000 (Table 3-
1). In addition, Pn is the population (in 1999 census
figures) estimated to live within the snowfall area An

(Table 8-1), and Pmean is the mean population for the 30
cases (also computed with 1999 census figures) within
the area of snowfall greater than 10 in. (25 cm). Area
and population are estimated in the GIS system by uti-
lizing a county database and selecting all counties in
which at least half of the county is analyzed to lie within
a given snowfall interval (i.e., 4 in. or greater, n � 0.4;
10 in. or greater, n � 1; 20 in. or greater, n � 2; etc.).

The scale is calibrated by first computing Amean and
Pmean for 10-in. (25 cm) snowfall accumulations within
the 13-state area from West Virginia–Virginia north-
eastward to Maine for each of 30 cases (Fig. 3-2; Table
3-1). Final values of NESIS are then computed for the
total snowfall distribution east of the Rocky Mountains
(Figs. 8-14a–e; Table 8-1). These steps recognize that
the basis for the application of NESIS is the impact of
heavy snowfall on the Northeast urban corridor, while

also accounting for the total snow history associated
with these storms as they track across the United States.

For example, heavy snowfall from the New England
snowstorm of late February 1969 (Fig. 8-14c) was con-
fined solely to eastern New England, while many other
snowstorms, such as those in March 1960, January
1964, and February 1979 (Figs. 8-14a–c), were part of
more widespread storm systems affecting larger portions
of the nation. Thus, NESIS represents a measure of the
integrated, or total, impact of a snowfall within and
outside the northeast United States, calibrated by the 30
storms from 1950 to 2000 that had the largest apparent
impact upon the Northeast urban corridor. Furthermore,
the scale provides added weight to the higher snowfall
increments (n � 2, 3, . . .), which are generally maxi-
mized in the northeastern part of the United States for
these selected storms, reflecting the greater potential
disruption when very heavy snow falls in the most
densely populated areas.

Values of An and Pn (area and population) are derived
using the Arcview 3.0 GIS software for total areas of
snowfall exceeding 10 in. (25 cm) for each case. The
areal coverage of 10-in. (25 cm) accumulations from all
30 storms (Table 3–1) ranges from 28 to 212.6 � 103

mi2, with a mean area (Amean) of 91.03 � 103 mi2. The
population, derived from 1999 census figures, affected
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FIG. 8-15. Distribution of NESIS values for 30 cases of Northeast
snowstorms used to calibrate the NESIS scale.

by snowfall accumulations greater than 10 in. (25 cm),
ranges from 10.3 to 59.9 million in the 30-case sample,
with a mean population (Pmean) of 35.4 million.

The NESIS values computed for the 30 cases are
ranked from highest to lowest in Table 8-1 and range
from 1.46 to 12.52 (Fig. 8-14), with an average value
of 4.80. The March 1993 storm has the largest NESIS
value of 12.52, given the large areal extent of 4-, 10-,
and 20-in. (10, 25, and 50 cm) snows extending west
into the Ohio Valley and south across the southeast Unit-
ed States (Fig. 8-14d). The March 1993 storm has, by
far, the largest areas of greater than 10- and 20-in. (25
and 50 cm) snowfall among the 30 storms (Table 8-1).
The blizzard of January 1996 scores second highest of
the 30 cases, and scores closest to the March 1993 event,
in part, because it has the largest population affected by
20-in. (50 cm) snows (Table 8-1). Both March 1993 and
January 1996 are the only storms in which the area of
10-in. (25 cm) snowfall exceeds 200 � 103 mi2. March
1960 scores third highest with 7.63, reflecting the largest
area and population affected by greater than 4-in. (10
cm) snowfall of all 30 cases, much of which occurred
west of the Appalachians (Fig. 8-14a). The three snow-
storms of February 1983, February 1978, and February
1961 all score above 6. Each case produced large areas
of 10- and 20-in. (25 and 50 cm) snowfalls over highly
populated regions (Table 8-1), although impacting no-
ticeably smaller areas than the top 3 storms in the 30-
case sample.

Five cases scored between 5 and 6 (Table 8-1) and
were also widespread storms over populated areas, but
the smaller numbers reflect very heavy snowfall greater
than 20 in. (50 cm) falling either over smaller areas or
less populated areas than those cases that scored 6 or
greater (Table 8-1). Six cases score between 4 and 5,
and with one exception, are either widespread snowfalls
exceeding both 4 in. (10 cm) and 10 in. (25 cm), but
with small areas of 20 in. (50 cm) and greater. The one
exception is the snowstorm of late February 1969, which
scores greater than 4 despite relatively small areas of
4- and 10-in. (10 and 25 cm) snows, but which did have
an unusually large area of 20-, 30-, and 40-in. (50, 75,
and 100 cm) snows (Table 8-1). Eight storms score be-
tween 3 and 4 and these storms have 10-in. (25 cm)
snowfalls that tend to cover smaller areas than higher-
scoring cases (ranging between 50 and 100 � 103 mi2;
roughly covering an between the size of the state of
New York and the combined states of New York, Penn-
sylvania, and New Jersey; Table 8-1). The snowstorm
of March 1958 scores close to 4 because of the relatively
higher area and populations affected by greater than 20-
and 30-in. (50 and 75 cm) snowfalls. Five cases score
less than 3 primarily due to relatively small areas of
greater than 10-in. snowfalls (38 � 103 mi2 and less,
roughly an area smaller in size than the state of Virginia;
Table 8-1).

A summary of the range of NESIS values for the 30
Northeast snowstorms is shown in Fig. 8-15. A majority

of cases attain values in the 3–5 range (19 of 30 cases)
while the most significant storms (e.g., March 1993 and
January 1996) with the heaviest snows in the most pop-
ulous areas have NESIS values much greater than the
rest of the cases.

a. Application of the NESIS to other cases

In this section, NESIS is applied to an independent
sample of 30 ‘‘near miss’’ snowstorms (see chapter 5),
four historic cases (see volume II, chapter 9), a major
storm system on 4–6 March 2001 that received exten-
sive media coverage for a perceived lack of impact on
the major metropolitan areas in the Northeast, and five
cases during the winter of 2002/03, including the heavy
snowfall associated with the Presidents’ Day Snowstorm
of 15–18 February 2003 (hereafter Presidents’ Day II,
to differentiate it from the Presidents’ Day storm of
1979).

1) ‘‘NEAR MISS’’ SNOWSTORMS FOR THE

NORTHEAST URBAN CORRIDOR

The ‘‘near miss’’ cases described in chapter 5 either
produced 1) the heaviest snowfall in the interior loca-
tions, west and north of the Northeast urban corridor;
2) moderate snowfall amounts related to storms whose
snowfall is generally limited by a number of factors
(i.e., rapidly moving storms); or 3) precipitation that fell
more as sleet or freezing rain rather than snow. Total
snowfall distributions for 30 near-miss cases are ana-
lyzed (only interior and moderate snowstorms are in-
cluded), and areas and populations for 4-, 10-, and 20-
in. (10, 25, and 50 cm) total snowfall distributions are
shown in Table 8-2, as are the resultant NESIS values.

NESIS values for the interior snowstorms range from
1.86 to only 4.45, and average 3.0, well below the av-
erage of 4.8 for the 30 original cases. NESIS values for
the moderate snowstorms range from 1.20 to 4.85 and
average 2.1. Smaller NESIS values tend to occur with
storms in which snowfall is limited to areas of the in-
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TABLE 8-2. Dates of 30 interior (INT) and moderate (MOD) cases; area (� 103 mi2) and population [(pop.) millions, 1999 census]
affected by greater than 4-, 10-, and 20-in. (10-, 25-, and 50-cm) snowfall; and NESIS values.

Date Type

4-in.

Area Pop.

10-in.

Area Pop.

20-in.

Area Pop. NESIS

16–17 Feb 1952
16–17 Mar 1956
12–13 Mar 1959
14–15 Feb 1960
6–7 Mar 1962

19–20 Feb 1964
22–23 Jan 1966
3–5 Mar 1971

25–27 Nov 1971

INT
INT
INT
INT
INT
INT
INT
INT
INT

125.2
195.5
215.3
353.9
148.6
169.7
296.4
195.7
163.4

23.2
56.8
56.6
47.4
37.6
54.3
60.9
37.6
26.9

66.7
92.3

121.1
142.1

70.0
53.4

145.1
101.6

73.4

10.2
14.6
19.2
15.1
10.8
12.2
22.6
10.5
10.6

12.4

7.7
23.3
19.3

3.5
6.6

23.3
6.6

1.1

0.2
0.6
1.3
0.4
1.5
1.9
1.1

2.17
2.93
3.64
4.17
2.76
2.39
4.45
3.73
2.33

16–18 Jan 1978
28–29 Mar 1984
1–2 Jan 1987

10–12 Dec 1992
3–5 Jan 1994

INT
INT
INT
INT
INT

364.4
124.6
164.6
118.7
222.3

62.0
31.0
34.0
28.6
41.3

122.1
53.3
76.6
61.6
76.4

16.2
11.2
11.1
15.1

9.3

2.1

21.5
10.5

0.2

5.5
1.7

4.10
1.86
2.26
3.10
2.87

2–4 Mar 1994
3–5 Dec 1957

23–25 Dec 1961
14–15 Feb 1962

INT
MOD
MOD
MOD

165.4
87.2

105.5
101.4

47.9
44.8
44.0
33.0

109.1
9.4

14.8
33.8

12.3
11.7

8.6
12.7 0.4 0.6

3.46
1.32
1.37
1.59

22–23 Dec 1963
16–17 Jan 1965
21–22 Mar 1967
31 Dec 1970–1 Jan 1971

MOD
MOD
MOD
MOD

374.2
214.5

62.3
151.0

75.9
69.0
35.9
55.3

51.3
15.3

7.0
46.4

21.0
10.3
15.6

6.8 4.4 0.2

3.17
1.95
1.20
2.10

13–15 Jan 1982
8–9 Mar 1984
7–8 Jan 1988

26–27 Dec 1990
19–21 Dec 1995
2–4 Feb 1996

16–17 Feb 1996
14–15 Mar 1999

MOD
MOD
MOD
MOD
MOD
MOD
MOD
MOD

382.2
120.9
488.5
166.0
260.3
157.3
136.7
180.3

83.6
53.0
80.5
58.4
62.0
56.4
52.6
49.5

133.9
54.6

129.7
12.7
85.4
44.1
12.2
58.8

13.4
5.5
9.5
8.8

19.0
7.1

11.4
5.8

0.9

1.4

0.1

0.1

3.08
1.29
4.85
1.56
3.32
2.03
1.65
2.20

terior Northeast while the storms with higher values tend
to be more widespread snowfalls covering larger por-
tions of the nation.

Three examples of representative ‘‘interior’’ snow-
storms are shown in Fig. 8-16 (left-hand side). These
three cases are selected from 15 interior snowstorms
described in chapter 5 and produced the heaviest snow
inland away from the major metropolitan areas of the
Northeast urban corridor. The three cases, 10–11 De-
cember 1992, 3–5 January 1994, and 2–4 March 1994
(Figs. 8-16a–c), each produced a large region of greater
than 10 in. (25 cm) of snow, as well as significant areas
of greater than 20 in. (50 cm) of snow. NESIS values
for these interior cases are 3.10, 2.87, and 3.46 (Table
8-2), respectively, reflecting the relatively large areas of
heavy snowfall, although much of the snow fell over
less populated areas compared to the ‘‘major’’ storms
discussed in the previous section.

Three examples of representative ‘‘moderate’’ snow-
storms are also shown in Fig. 8-16 (right-hand side) and
represent snowfalls in the Northeast urban corridor that
are dominated by snowfalls of 4–10 in. [10–25 cm; with
some areas of greater than 10 in. (25 cm)]. The each of
these three cases, 8-9 March 1984, 26–27 December
1990, and 16–17 February 1996 (Figs. 8-16d–f), af-
fected much of the Northeast urban corridor with 4–10

in. (10–25 cm) of snow, with smaller areas of greater
than 10 in. (25 cm). NESIS values for these cases are
1.29, 1.56, and 1.65, respectively (Table 8-2).

Four snowstorms that affected the Northeast as either
moderate or interior snowstorms but were also wide-
spread snowfalls across other areas of the United States
are shown in Fig. 8-17. Three cases, 14–15 February
1960, 22–23 January 1966, and 16–18 January 1978
(Figs. 8-17a–c), were selected as interior snowstorms
since the heaviest snows fell across interior portions of
the Northeast. However, these three storms also pro-
duced heavy snows greater than 10 in. (25 cm) across
widespread areas of the Ohio Valley, the Southeast, or
the Tennessee Valley. These three storms have NESIS
values of 4.17, 4.45, and 4.10 (Table 8-2). These values
are higher than other interior snowstorms shown in Fig.
8-16 because the heavy snow fell in areas well beyond
the Northeast, impacting other major metropolitan areas,
thus elevating the NESIS values. While the moderate
snowstorms represented by the three cases in Fig. 8-16
score between 1 and 2, one moderate case in the North-
east on 7–8 January 1988 was also part of a heavy
snowstorm across the southern plains and the Southeast.
As a result of the widespread snowfall, this moderate
snowfall scores 4.85 (Fig. 8-17d; Table 8-2).

Therefore, while the 30 major snowstorms of the pre-
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FIG. 8-16. Storm snowfall in excess of 10 (solid line), �25 (light blue), �50 (dark blue), and �75 cm (red) for
selection of representative interior and moderate snowstorms, with corresponding NESIS value.
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FIG. 8-17. Storm snowfall in excess of 10 (solid line), �25 (light blue), �50 (dark blue), and �75 cm (red) for several
widespread interior and moderate snowstorms in which significant snowfall extends outside the Northeast, including NESIS
values.

ceding section have an average NESIS value near 5,
interior snowstorms that that do not extend far outside
the Northeast have NESIS values generally between 2
and 4, while moderate snowstorms within the same
bounds have NESIS values generally between 1 and 2.
More widespread snowfalls that move across the United
States and ultimately affect the Northeast score higher
and can raise the NESIS value by as much as 1–2 or
more points.

2) HISTORIC CASES

NESIS is also applied to four historical Northeast
snowstorms (Table 8-3), which are described in volume
II, chapter 9, and shown in Fig. 8-18. The Blizzard of

’88, perhaps the most infamous of all Northeast snow-
storms (see Kocin 1983), has an NESIS value (8.34),
using the 1999 census, that is lower than either the
March 1993 Superstorm (12.52) or the January Blizzard
of 1996 (11.54). An examination of the snowfall dis-
tribution of the Blizzard of ’88 (Fig. 8-18a) shows that
the total areal coverage of the snowfall is relatively
small, especially when compared with the 1993 and
1996 cases (Figs. 8-14d,e). However, the NESIS value
computed for this storm is larger than 28 of the 30 cases
examined in Table 8-1, due to the unusually large re-
gions of snowfall greater than 20, 30, and 40 in. (50,
75, and 100 cm, respectively) over populated areas (us-
ing 1999 census values).

The February 1899 blizzard [Fig. 8-18b; see Kocin
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TABLE 8-3. Dates of four historical snowfall cases and six recent snowfall cases, for area and population [(pop.) millions, 1999 census]
affected by greater than 4-, 10-, 20-, and 30-in. (10, 25, 50, and 75 cm) snowfall (� 103 mi2), and for NESIS values.

Date

4 in.

Area Pop.

10 in.

Area Pop.

20 in.

Area Pop.

30 in.

Area Pop. NESIS

Historical
11–14 Mar 1888*
11–14 Feb 1899
27–29 Jan 1922
26–27 Dec 1947

144.9
362.1
107.1
114.0

52.7
81.7
46.3
46.9

87.9
181.8

62.3
35.4

37.9
61.7
26.0
31.1

48.2
33.0
22.4

5.3

26.1
20.0

1.0
16.5

24.8

10.5
0.5

12.8

1.4
1.7

8.34
8.11
3.63
3.50

2001–03
4–6 Mar 2001
4–5 Dec 2002

25 Dec 2002
3 Jan 2003
6–7 Feb 2003

15–18 Feb 2003

161.1
269.7
345.3
211.1

88.4
303.5

40.2
64.7
72.8
35.6
50.2
78.2

105.1
6.1

91.3
77.4

6.1
142.0

21.6
0.4

18.5
10.9

5.5
59.2

30.4

13.8
11.0

51.9

5.6

1.5
1.5

40.9

1.8

4.4

2.7

0.1

0.2

0.2

3.53
1.99
4.42
2.65
1.18
8.91

* Mar 1888 also has areas and populations for snowfall exceeding 40 in. (100 cm; area � 7.8 � 103 mi2; population � 1.9 million) and
50 in. (125 cm; area � 0.8 � 103 mi2; population � 0.2 million; 1999 census).

et al. (1988)] was a widespread snowstorm from the
southeastern United States northeastward to New Eng-
land. This storm culminated one of the coldest periods
ever recorded in the eastern United States and paralyzed
the eastern third of the country. The NESIS value of
8.11 computed with the 1999 census population data is
also higher than 28 of the 30 cases and is slightly lower
than the 1888 blizzard. The relatively high value is due
mainly to the large distribution of greater than 10- (25
cm) and 20-in. (50 cm) snowfall amounts along the
entire coast from Virginia to Maine, home to a large
proportion of Northeast residents, as well as significant
snow throughout the Southeast and the Tennessee Valley
(Fig. 8-18b).

Both the 1922 ‘‘Knickerbocker’’ storm (Fig. 8-18c)
and the December 1947 New York City snowstorms
(Fig. 8-18d) produced record snowfall for Washington
and New York City, respectively, but have NESIS values
of only 3.63 and 3.50, respectively. These values are
less than the average for the 30-case sample, due to the
comparatively small areal extent of heavy snowfall,
even though the heavy amounts are both focused locally
in densely populated regions. Therefore, while the great-
est snowstorms in New York City’s and Washington’s
histories factor into the NESIS computations, the storms
have a lower overall impact given the small areal extent
of the snowfall associated with these storms. These two
examples illustrate the role of NESIS in providing an
integrated measure of the regional snowfall, rather than
focusing on local snowfall measurements as a major
impact agent.

3) RECENT CASES

(i) The 4–6 March 2001 snowstorm

As another illustration of how the scale may be ap-
plied to assess the impact of a storm, NESIS is applied

to a snowstorm that occurred on 4–6 March 2001. For
a week to 3 days prior to the snowstorm, numerical
weather prediction models and forecasters saw the po-
tential for this storm to affect the Northeast urban cor-
ridor with heavy snow from Washington to New York
City. Forecasters in several local media outlets warned
about the potential impact of this storm up to 4 days in
advance. The National Weather Service issued numer-
ous winter storm watches, affecting possibly tens of
millions of people, 1–2 days in advance and subse-
quently issued warnings from Philadelphia to Boston.
National Weather Service medium-range forecast dis-
cussions, combined with the emphasis placed on the
storm’s potential by the media, raised the expectations
within the general population that this would be a major
snow event. However, the forecast heavy snowfall con-
tinued to shift farther and farther north with each suc-
ceeding series of numerical weather forecasts after 2
March 2002, resulting in the suspension of winter storm
watches and warnings across much of the area from
Pennsylvania southward. The storm was viewed by
many as a disappointment because the dire forecasts
(and resulting ‘‘hype’’) for a major snowstorm did not
materialize from New York City southward.

A major cyclone did develop along the East Coast on
Monday, 5 March, as predicted, but the snowstorm oc-
curred farther north and inland. The storm left an area
of heavy snowfall (greater than 25 cm; Fig. 8-19a) larger
than the mean area for the 30 major snowstorms shown
in Table 8-1 (105 � 103 mi2 vs 91 � 103 mi2). This
area covered much of the Boston metropolitan area but
missed the urban corridor between Washington and New
York City, although eastern suburbs of New York City
received up to 16 in. (40 cm) of snow. Using 1999
census data, an estimated 21 million people were af-
fected by greater than 10-in. (25� cm) amounts, con-
siderably less than the 35.4 million mean for the 30
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FIG. 8-18. Storm snowfall in excess of 10 (solid line), �25 (light blue), �50 (dark blue), and �75 cm (red) for four historic snowstorm
cases including (a) the 11–14 Mar 1888 ‘‘Blizzard of ’88,’’ (b) the 11–14 Feb 1899 ‘‘Blizzard of 1899,’’ (c) the ‘‘Knickerbocker’’ snowstorm
of Jan 1922, and (d) New York City’s ‘‘big snow’’ of Dec 1947.

cases shown in Table 8-1. In addition, more than 5 mil-
lion people are estimated to have been affected by great-
er than 20-in. (50 cm) amounts.

This case yields an NESIS value of 3.53 (Table 8-3),
which is considerably lower than the average of 4.80
for the 30 major snowstorm cases but slightly higher
than the representative examples for interior snowstorms
shown in Fig. 8-16. Had the earlier forecasts verified
and the heaviest snowfall occurred approximately 300
km farther south, affecting the New York to Washington
corridor, more than 45 million people would have wit-

nessed snowfall accumulations exceeding 10 in. (25
cm), resulting in an NESIS value estimated between 4.5
and 6. The NESIS demonstrates that this storm was
comparable, in terms of area and population affected,
to some of the lower-scoring major snowstorms docu-
mented in Table 8-1 and scored similarly to the many
interior snowstorms also discussed in chapter 5. How-
ever, the media and public reaction that this snowstorm
did not ‘‘measure up’’ to expectations related to fore-
casts prior to its development is also confirmed by the
use of the NESIS scale.
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FIG. 8-19. Storm snowfall in excess of 10 (solid line), �25 (light blue), �50 (dark blue), and �75 cm (red) for five
recent snowstorms, including (a) 4–6 Mar 2001, (b) 4–5 Dec 2002, (c) 24–25 Dec 2002, (d) 2–3 Jan 2003, (e) 6–7 Feb
2003, and (f ) the Presidents’ Day II storm of 14–18 Feb 2003.
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(ii) The snowstorms of 4–5 December 2002, 24–25
December 2002, 3–4 January 2003, and 6–7
February 2003

The winter of 2002/03 produced many significant
snowfalls for the Northeast urban corridor and culmi-
nated in the Presidents’ Day II snowstorm of 15–18
February, one of the heaviest snowstorms to affect the
Washington–Boston corridor. The first significant snow-
fall threat in two winters greeted much of the Northeast
urban corridor on 4–5 December 2002 as a general
snowfall of 5–9 in. (13–23 cm) occurred from Virginia
to southern New England. The area of heaviest snowfall
in the Northeast (Fig. 8-19b) is similar in location to
the snowstorms of February 1983 and January 1996 (see
Fig. 3-2b), but maximum amounts were much less. Few
sites reported 10 in. (25 cm) or greater but the region
exceeding 4 in. (10 cm) was widespread, including the
Ohio Valley and the southern plains. The early Decem-
ber snowfall scores an NESIS value of 1.99 from the
widespread occurrence of greater than 4-in. (10 cm)
snows from the southern plains, to the Missouri and
Tennessee Valleys, and into the Northeast, but scored
less than the values exhibited by many of the 30 cases
used to derive the scale since few areas received 10 in.
(25 cm) or greater. This snowfall was a classic moderate
snowstorm, as described in chapter 5, that had an NESIS
value scoring near 2 with snowfall widespread within
and outside the Northeast.

The Christmas 2002 snowstorm was associated with
a rapidly developing cyclone that left a large band of
snowfall exceeding 20–30 in. (50–75 cm; Fig. 8-19c)
across the Mohawk and Hudson Valleys of New York
and the Catskill Mountains. Snow changed to rain and
then back to snow in the metropolitan areas from Wash-
ington to Boston, and near-blizzard conditions occurred
in the New York City metropolitan area as 4–12 in.
(10–30 cm) fell as the surface low deepened to 970 hPa.
This storm also affected a large area outside the north-
east United States, including the southern plains and
Great Lakes. The Christmas storm rates a 4.42, scoring
heavily because of widespread areas of greater than 4
in. (10 cm) of snow from the southern plains through
the Ohio Valley and the Northeast (where much heavier
snow fell). This storm represents a classic interior snow-
storm for the Northeast in which heaviest snows fell
mostly outside the major metropolitan areas. However,
it scored higher than a representative interior snow be-
cause significant snows extended well outside the North-
east.

Only a week later, on 3–4 January 2003, another cy-
clone developed and was associated with the heaviest
snows again occurring over the Mohawk and Hudson
Valleys of New York and the Catskills (Fig. 8-19d), as
well as central New England. For the most part, how-
ever, snowfall did not materialize from Washington to
New York City while the Boston metropolitan area ex-
hibited large variations in snowfall as rain fell in the

immediate city while many suburbs saw significant
snow. The January 2003 storm scores 2.65, another typ-
ical interior snowstorm with similarities to the Christ-
mas snowstorm, but the snowfall was much less wide-
spread.

On 6–7 February 2003, an area of 4–10 in. (10–25
cm) of snow affected the entire Northeast corridor again
from Virginia to Massachusetts with a region from
northeastern Connecticut, northern Rhode Island, and
eastern Massachusetts experiencing greater than 10 in.
of snow (25 cm; see Fig. 8-19e). The snowstorm of 6–
7 February 2003 scores a 1.18, representative of a mod-
erate snowstorm that affected a similar area of the
Northeast as did the snowfall of 4–5 December 2002,
but this snowstorm was more limited in scope, with little
significant snow outside the Northeast.

(iii) Presidents’ Day II Snowstorm (15–18
February 2003)

The most significant and widespread snowstorm since
the January Blizzard of ’96 affected many major met-
ropolitan areas of the middle Atlantic states and New
England on 16–18 February 2003 (it affected the Mid-
west on 14–15 February). For the Northeast urban cor-
ridor from Washington to Boston, the snowfall was one
of the heaviest on record and paralyzed a wide area
during a long holiday weekend. An area of 4–10 in.
(10–25 cm) of snow affected much of the Northeast
with a large area of greater than 10-in. (25 cm) accu-
mulations from northern Virginia through central New
England (Fig. 8-19f). Snowfall exceeding 20 in. (50 cm)
was unusually widespread within the area from Wash-
ington to Boston and some notable totals include 27.5
in. (70 cm) at Boston (the greatest 24-h snowfall on
record) and a storm total of 28.2 in. (72 cm) at Baltimore
(the greatest snowfall storm total on record). The pop-
ulation of the area (using the 1999 census) affected by
snowfall exceeding 20 in. (50 cm) was comparable to,
if not slightly larger than, the Blizzard of 1996 (41
million, compared to 39.8 million; Table 8-3 vs Table
8-1). Scattered areas of 30-in. (75 cm) totals were re-
ported from West Virginia to New York with a few
reports of greater than 40 in. (100 cm) near the western
panhandle of Maryland. The heavy snow extended into
the Ohio Valley and the Midwest (Fig. 8-19), resulting
in an NESIS value of 8.91 (Table 8-3), the third highest
value of 70 cases examined to date. This high value
reflects the number of highly populated areas affected
by snowfall of near and greater than 20 in. (50 cm).
Nearly 80 million people are estimated to have been
affected by greater than 4 in. (10 cm) of snow from the
Midwest to the Northeast while nearly 60 million people
experienced greater than 10 in. (25 cm) of snow.

b. Categorizing NESIS values

The NESIS values calculated for the 70 snowfall cas-
es, including the ranges and means of the snowfall dis-
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TABLE 8-4. NESIS categories (1–5), their corresponding NESIS
values, number of the 70 total cases within each category, and a
descriptive ‘‘adjective.’’

Category NESIS values
No. of
cases Description

1
2
3
4
5

1–2.49
2.5–3.99

4–5.99
6–9.99

10.0�

23
22
16

7
2

Notable
Significant
Major
Crippling
Extreme

tribution and populations affected, allow a quantitative
means to partition the NESIS values into several cate-
gories. A categorical ranking of 1–5 is proposed (Table
8-4; similar to the Saffir–Simpson scale) that utilizes
the divisions inherent in the NESIS values (all 70 cases
scored between 1 and 12) to separate the snowfalls into
similar categories based on area, population, and the
occurrence of very heavy snowfall. These categories,
their corresponding NESIS values, and total number of
cases within each category are shown in Table 8-5.

1) CATEGORY 1 (NESIS � 1.0–2.49): NOTABLE

All storm snowfall distributions examined in this pa-
per score NESIS values of 1 and greater. A total of 23
out of 70 cases occur in this category and include 5 of
the 30 cases used to calibrate the scale, 5 of the interior
snowstorms, and 11 of the moderate snowstorms. Of
the recent cases, the 3–5 December 2002 snowstorm
and the 6–7 February 2003 snowstorm fall into this
category. These storms are ‘‘notable’’ for their large
areas of 4-in. (10 cm) accumulations and small areas of
10-in. (25 cm) snowfall. An example of a category 1
snowfall is shown in Fig. 8-20a.

2) CATEGORY 2 (NESIS � 2.5–3.99): SIGNIFICANT

A total of 22 cases out of 70 occur in this category
and include 8 of the 30 original cases, 7 of the interior
snowstorms, and 3 of the moderate snowstorms. The
historical snowstorms of January 1922 and December
1947, the heaviest snowfalls in Washington and New
York City, fall into this category. Of the recent cases
examined, two cases (March 2001 and January 2003)
also fit into this category. This category includes storms
that produce ‘‘significant’’ areas of greater than 10-in.
(25 cm) snows while some include small areas of 20-
in. (50 cm) snowfalls. A few cases may even include
relatively small areas of very heavy snowfall accumu-
lations [greater than 30 in. (75 cm)], including Wash-
ington’s and New York City’s greatest snowfalls (see
section 5c).

3) CATEGORY 3 (NESIS � 4.0–5.99): MAJOR

A total of 16 cases occur in this category, including
11 of the 30 original cases, and this category includes

the mean of 4.80 for the 30 cases. This was the highest
category attained by only two of the interior snowstorms
and one moderate snowstorm because it was associated
with a very widespread distribution of snow. This cat-
egory encompasses the typical ‘‘major’’ Northeast
snowstorm with large areas of 10-in. snows (generally
between 50 and 150 � 1003 mi—roughly 1 to 3 times
the size of the state of New York) with significant areas
of 20-in. (50 cm) accumulations. An example of a cat-
egory 3 snowfall is shown in Fig. 8-20b.

4) CATEGORY 4 (NESIS � 6.0–9.99): CRIPPLING

A total of 7 cases occur in this category, including 4
of the original 30 cases, 2 historical cases (the blizzards
of 1888 and 1899), the February 1978 blizzard, and the
recent Presidents’ Day II snowstorm of 15–18 February
2003. These storms consist of some of the most wide-
spread, heavy snows of the sample and can best be
described as ‘‘crippling’’ to the northeast United States,
with the impact to transportation and the economy felt
throughout the United States. These storms encompass
huge areas of 10-in. (25cm) snowfalls and each case is
marked by large areas of snowfall accumulations greater
than 20 in. (50 cm).

5) CATEGORY 5 (NESIS � 10.0�): EXTREME

Only two cases, the March 1993 Superstorm and the
January Blizzard of 1996, occur in this category and
represent the ‘‘extreme’’ storms that blanket large areas
and population centers with heavy snowfall greater than
10, 20, and 30 in. (25, 50, and 75 cm). These are the
only storms in which the 10-in. (25 cm) accumulations
exceed 200 � 103 mi2) and affect more than 60 million
people (1999 census data). The March 1993 Superstorm
derives the highest ranking given the largest area cov-
ered by greater than 10-in. (25 cm) snowfall in the entire
sample, compounded by large areas of 20- (50) and 30-
in. (75 cm) snowfall. The January 1996 snowstorm has
similarities to other category 3 and 4 storms, except that
this storm was accompanied by unusually large areas
of snowfall greater than both 20 (50) and 30 in. (75 cm)
that affected the large population centers within the en-
tire Northeast urban corridor. The snowfall distribution
of the January 1996 storm is shown in Fig. 8-20c as an
example of a category 5 snowfall.

c. The effect of population change between 1900 and
1999 on NESIS values

Given the large population shifts that have occurred
in the United States during the course of the 20th cen-
tury, NESIS is evaluated utilizing census values from
several periods between 1900 and 1999 to assess if the
scale changes significantly as the population of the
Northeast changes. In certain parts of the United States
(especially portions of the southeast and the southwest),
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TABLE 8-5. Seventy cases ranked from highest to lowest by NESIS
value (using 1999 census data), as well as NESIS category (1–5) and
description (see Table 8-4).

No. Date NESIS
Cate-
gory Description

1
2
3
4
5
6
7
8
9

12–14 Mar 1993
6–8 Jan 1996

15–18 Feb 2003
11–14 Mar 1888
11–14 Feb 1899

2–5 Mar 1960
10–12 Feb 1983

5–7 Feb 1978
2–5 Feb 1961

12.52
11.54

8.91
8.34
8.11
7.63
6.28
6.25
6.24

5
5
4
4
4
4
4
4
4

Extreme
Extreme
Crippling
Crippling
Crippling
Crippling
Crippling
Crippling
Crippling

10
11
12
13
14
15
16
17

14–17 Feb 1958
19–21 Jan 1978
11–14 Jan 1964
25–28 Dec 1969
29–31 Jan 1966
21–23 Jan 1987

7-8 Jan 1988
8–12 Feb 1994

5.98
5.90
5.74
5.19
5.05
4.93
4.85
4.81

3
3
3
3
3
3
3
3

Major
Major
Major
Major
Major
Major
Major
Major

18
19
20
21
22
23
24
25

11–13 Dec 1960
22–23 Jan 1966
17–19 Feb 1979
24–25 Dec 2002
18–20 Feb 1972
14–15 Feb 1960
16–18 Jan 1978
22–28 Feb 1969

4.47
4.45
4.42
4.42
4.19
4.17
4.10
4.01

3
3
3
3
3
3
3
3

Major
Major
Major
Major
Major
Major
Major
Major

26
27
28
29
30
31
32
33
34
35

18–21 Mar 1958
5–7 Feb 1967

23–25 Dec 1966
6–7 Apr 1982
3–5 Mar 1971

12–13 Mar 1959
27–29 Jan 1922

3–5 Mar 2001
2–4 Feb 1995

26–27 Dec 1947

3.92
3.82
3.79
3.75
3.73
3.64
3.63
3.53
3.51
3.50

2
2
2
2
2
2
2
2
2
2

Significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant

36
37
38
39
40
41

18–21 Jan 1961
2–4 Mar 1994
8–10 Feb 1969

19–20 Dec 1995
22–23 Dec 1963
24–26 Jan 2000

3.47
3.46
3.34
3.32
3.17
3.14

2
2
2
2
2
2

Significant
Significant
Significant
Significant
Significant
Significant

42
43
44
45
46
47

10–12 Dec 1992
13–15 Jan 1982
16–17 Mar 1956

3–5 Jan 1994
6–7 Mar 1962
3–4 Jan 2003

3.10
3.08
2.93
2.87
2.76
2.65

2
2
2
2
2
2

Significant
Significant
Significant
Significant
Significant
Significant

48
49
50
51
52
53
54
55
56

30–31 Dec 2000
19–20 Feb 1964
31 Mar–1 Apr 197
25–27 Nov 1971
1–2 Jan 1987
18–19 Mar 1956
14–15 Mar 1999
16–17 Feb 1952
31 Dec 1970–1 Jan 1971

2.48
2.39
2.37
2.33
2.26
2.23
2.20
2.17
2.10

1
1
1
1
1
1
1
1
1

Notable
Notable
Notable
Notable
Notable
Notable
Notable
Notable
Notable

57
58
59
60
61
62
63

2–4 Feb 1996
4–5 Dec 2002

16–17 Jan 1965
28–29 Mar 1984
25–26 Jan 1987
16–17 Feb 1996
14–15 Feb 1962

2.03
1.99
1.95
1.86
1.70
1.65
1.59

1
1
1
1
1
1
1

Notable
Notable
Notable
Notable
Notable
Notable
Notable

TABLE 8-5. (Continued )

No. Date NESIS
Cate-
gory Description

64
65
66
67
68
69
70

26–27 Dec 1990
22–23 Feb 1987
23–25 Dec 1961
3–5 Dec 1957
8–9 Mar 1984

21–22 Mar 1967
6–7 Feb 2003

1.56
1.46
1.37
1.32
1.29
1.20
1.18

1
1
1
1
1
1
1

Notable
Notable
Notable
Notable
Notable
Notable
Notable

significant changes in population distribution during the
20th century would indicate that impact scales related
to population density would change significantly over
time. However, many of the metropolitan areas and pop-
ulation centers of the northeast United States were al-
ready established by 1900. Populations of some major
metropolitan areas actually peaked in 1950 and de-
creased in subsequent years. The resulting shifts in pop-
ulation to suburban areas surrounding the cities in the
Northeast corridor and the general shift of the popula-
tions from inland to coastal areas raises this question:
Would the changing population distributions during the
20th century change the calibrated NESIS values in a
fundamental way?

United States census data for 1900, 1950, 1960, 1970,
1980, 1990, and 1999 are used to compare the NESIS
values of several storms given the change of population
across the Northeast during the 20th century. Within the
area called the Northeast urban corridor (Fig. 1-1), the
population has increased approximately 70% since 1900
(from 14 to 45 million) while the remainder of the 13-
state region between the Virginias and Maine has in-
creased roughly 50% (from 10 to 20 million) in the same
period. While there are some differences in the values
for the 30 cases during the course of the century, the
NESIS values remain relatively constant. Several cases
increase slightly over time and others decrease slightly.
While the March 1993 Superstorm is ranked first in 1900
(13.27) and 1999 (12.52), its value drops over the course
of the century, while the NESIS values for the second-
ranked storm, the January 1996 blizzard, remain rela-
tively constant from 1900 (11.47) to 1999 (11.54).
These differences reflect the decrease in population
across some interior portions of the Northeast after 1950
(heaviest snows in the March 1993 storm occurred over
the interior Northeast while the heaviest snows in Jan-
uary 1996 were centered over the Northeast urban cor-
ridor) and a slight general shift of the population toward
the coastal areas during the same period. However, most
of the values throughout the century fluctuate within
10% of the 1999 values for nearly all cases, indicating
that the NESIS scale provides a consistent measure of
impact for the northeast United States whose population
distribution has shifted from the interior and city lo-
cations more toward the cities and the burgeoning sub-
urbs during the 20th century. Given the population shifts
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FIG. 8-20. Representative examples of snowfall distributions for (a) category 1, (b) category 3,
and (c) category 5 storms.
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FIG. 8-21. Distribution of NESIS categories (1–5) for (top) 30 major
snowstorms described in chapters 3 and 4; (bottom) 70 total cases
(see text).

that will continue to occur in the 21st century, it is
recommended that as new storms occur, their NESIS
value should be computed with the most recent census
count.

d. NESIS summary

A Northeast Snowfall Impact Scale (NESIS) is de-
rived to convey a measure of the impact of snowstorms
over the Northeast urban corridor as a function of the
total snowfall distribution, snowfall amounts mapped
directly to population density (based on 1999 census
data). The scale is calibrated by the snowfall distribu-
tions of 30 high-impact snowstorms from a synoptic
climatology provided in chapters 3 and 4 and applied
to a total of 70 cases. The NESIS is an integrated mea-
sure of snowfall impact, rather than relying on instan-
taneous descriptions of a variety of parameters associ-
ated with the surface low. The scale also accounts for
a greater impact associated with heavier snow amounts.
Computed values are used to construct a categorical
ranking from 1 to 5. NESIS provides a simple quanti-
tative means to convey a measure of the impact of those
storms in which the areal coverage of the snowfall upon

large population centers contributes to widespread hu-
man and economic disruption.

The NESIS is applied to 70 cases (Table 8-5), in-
cluding 30 major snowstorms and 30 near-miss cases
that occurred over the 50-yr period from 1950 to 2000
(as described in chapter 5), 4 historic cases, and 6 recent
cases. NESIS differentiates limited moderate snow-
storms that produce snows of mainly 4–10 in. (NESIS
scores generally between 1 and 2; category 1) over a
relatively small area over the Northeast, from interior
snowstorms that miss the major cities but drop wide-
spread heavy snowfall (NESIS scores generally between
2 and 4; categories 1–2). NESIS also differentiates ma-
jor snowstorms with sizable areas of 10-in. snows over
relatively large areas (NESIS scores between 4 and 6;
category 3) from the rare ‘‘megastorm’’ that drops 10–
20 in. (25–50 cm) and greater over large populated re-
gions (NESIS values greater than 6; categories 4 and
5). For the 30 major snowstorms used to generate the
scale, NESIS averages 4.8, with a distribution that is
skewed toward the middle category (category 3; Fig. 8-
21a). For the 70 cases, NESIS averages near 3.8, with
a distribution that is skewed toward the first three cat-
egories (Fig. 8-21b).

Out of the 70 cases, 26 score greater than an NESIS
value of 4 and include 3 interior snowstorms and 1
moderate snowstorm. The interior and moderate snow-
storms that score greater than 4 are typically widespread
snowstorms that affect the interior Northeast and other
sections of the nation as the storm traverses the country
toward the East Coast. Additional snowfall from areas
outside the northeast United States can contribute as
much as three points to the overall NESIS value when
snowfall is widespread.

The occurrence of the three highest-ranked storms
since 1990 represents an intriguing coincidence. Even
when the population criteria are dropped from NESIS
(not shown; the scale then simply becomes a measure
of the snowfall distribution alone), the March 1993 Su-
perstorm and the January 1996 blizzard stand alone as
the most widespread snowfalls of the 70-case sample.
The 2003 Presidents’ Day Snowstorm moves down the
ranking from third to fifth highest, scoring slightly less
than the widespread snowstorms of March 1960 and the
Blizzard of 1899. Therefore, while seasonal snowfall
appears to be diminishing in recent years in the North-
east urban corridor as the number of storms producing
significant snowfall decreases, it appears that for the
storms that do produce significant snowfall, some of
these storms may be producing heavier, more wide-
spread snows than the storms that occurred during the
first 90 years of the 20th century. Given uncertainties
and temporal changes in data quality, changes in the
density of the snow observation network, and subjec-
tivity in contouring and spatial interpolation, more re-
search is needed to quantify the significance of this find-
ing.

At present, NESIS is best used as a relative assess-
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ment of storms that have already occurred. Further-
more, similar scales can also be developed and applied
to other parts of the country where synoptic climatol-
ogies of snowstorm snowfall are available. Given the
current difficulties in forecasting precipitation type and
snowfall amounts and areal distribution associated with
these events, we do not yet recommend the use of the
NESIS in a predictive manner. As confidence and ac-

curacy in predicting snowfall amounts and areal distri-
bution increase, NESIS can provide an estimate of the
upcoming impact of these storms, both in scope and
population affected. The scale provides meteorologists,
transportation officials, economists, planners, the media,
and emergency managers the means to alert the public
and business communities to take steps that can mitigate
the impact of these storms.
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INTRODUCTION

This volume contains descriptions and analyses of
over 100 snowstorms that provide the supporting foun-
dation for volume I. The main goal of this volume is
to provide the analyses to show how these important
weather systems organize and evolve prior to and during
the development of snowfall, or snowfall changing to
rain, freezing rain, or ice pellets along the northeast
coast of the United States. This comprehensive assort-
ment allows the reader to assess and compare many
cases, to observe any unique aspects a case may present,
as well as identify similarities to other cases. Detailed
examinations of one or two cases, although they can
provide many important insights, have limited appli-
cability in other situations with only superficial simi-
larity. As noted throughout volume I, the evolutions of
the surface and tropospheric conditions prior to and dur-
ing these storms are difficult to generalize because of
their case-to-case variability. Palmén and Newton
(1969, p. 273) emphasize this problem by stating, ‘‘Cy-
clonic disturbances appear in such diverse forms that it
is impossible to give a description that is uniformly
applicable to all cases.’’ Problems with compositing an-
tecedent conditions for East Coast storms have also been
cited by Brandes and Spar (1971).

Four chapters are included in this volume. In chapter
9, a historical overview of heavy snowstorms in the
Northeast from the Colonial days through 1950, with
detailed descriptions of several outstanding cases, is pre-
sented. In chapter 10, 30 heavy snowfall cases sum-
marized in chapters 4 and 5 of volume I are examined
from organized sequences of weather charts, which in-
clude snowfall totals, surface analyses, 850- and 500-
hPa analyses, and 250-hPa wind analyses. Two addi-
tional and more recent cases, the ‘‘Presidents’ Day II’’
snowstorm of 15–18 February 2003 and the snowstorm
of 5–7 December 2003, are also included. In chapter
11, 37 cases described as ‘‘near misses’’ in chapter 5
of volume I, are described, also with snowfall, surface,
and upper-level analyses. The 37 cases represent three
groups of near-miss cases. The first 15 cases are rep-
resentative of ‘‘interior snowstorms,’’ storms in which
the heavy snow bands form inland and snow changes
to rain, freezing rain, or ice pellets in the Northeast
urban corridor. The second group is composed of 15
additional cases termed moderate snowstorms, in which
heavy snowfall amounts are relatively isolated while
more moderate amounts of 4–10 inches (10–25 cm)
predominate. The third group of seven cases represents
cases in which freezing rain or ice pellets are the most

significant aspect of the storms in the urban corridor.
The monograph concludes with chapter 12, presenting
several analyses of early and late season heavy snow
events that occur during autumn or spring and illustrate
cases that define the margins of the snow season.

All upper-level analyses for cases, starting with the
December 1947 snowstorm, are produced throughout
this volume with a reanalysis technique first described
by Kalnay et al. (1996) for the 50-year period 1948–
98. The reanalyses are generated for a 5-day period for
each event using the T254, 64-level version of the Na-
tional Centers for Environmental Prediction’s (NCEP)
Global Forecast System. As such, the details in the struc-
ture of upper- and lower-level jet streaks, the evolution
of short-wave features and associated vorticity patterns,
and the lower-level thermal fields, can be well repre-
sented. The gridded data that provide the basis for these
reanalyzed fields are available on a DVD provided with
this monograph, which includes temperature, winds,
moisture, and geopotential height at 40-km resolution
and over 44 levels. This dataset allows researchers, stu-
dents, and weather enthusiasts the opportunity to in-
vestigate any aspect of more than 70 storms in more
detail than can be produced in this monograph. It is
hoped that this dataset will form the basis of research
studies for years to come.

As a reminder of what draws many of us to the won-
der, beauty, danger, and widespread impact of these im-
pressive snowstorms, we offer the following piece that
was written by Bennett Noble for the Christian Science
Monitor in the 1970s (L. Bosart 2003, personal com-
munication).

Meteorological Ambition

‘‘The sun that brief December day
Rose cheerless over hills of gray. . ..’’

It is a strangely beautiful trait of most of us that, when
called upon to do so, we can conjure up the lines of a
rusty old poem. We can remember stuttering through
‘‘Snowbound’’ in a breathless monotone back in the
fourth grade—hands clutched at the seams of corduroy
knickers, cowlick trembling, eyes riveted to the portrait
of Francis P. Hurd which hung at the back of the room,
and inwardly cursing the genius of John Greenleaf Whit-
tier.

Of course, we are not perfect enough to remember all
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of ‘‘Snowbound,’’ although we are perfect enough to soft-
en our opinion of Mr. Whittier; and we forget who Fran-
cis P. Hurd was—and the cowlick, like the corduroy
knickers, is long gone.

But the singular joy of anticipating a good snowstorm
remains, and for that we are very grateful.

There is nothing quite like the promise and anticipation
of a good snowstorm. It makes Christmas pale, birthdays
insignificant, and is rivaled only by Election Day for the
joy of anxious hope.

We take our grasp of this situation from our great in-
tellect; we take our license from the words of Mr. Mark
Twain, who promised us weather is a literary specialty
and that no untrained hand can turn out a good article
on it.

Plainly, we have ‘‘Meteorological Ambitions,’’ as James
Russell Lowell put it; that is, we are of that breed of
people who like to be ‘‘hotter and colder, more deeply
snowed up, to have more trees and larger blown down
than their neighbors.’’ Well, he puts it as well as we’ve
seen it put, but it goes deeper than that.

Further, our grasp of the subject includes a magnificent
mental file of the Great Storms. The grandest, for in-
stance, was the Great Valentine’s Day Blizzard of ’39.
Now, there are those who will tell you it doesn’t snow
anymore the way it did that marvelous February 14, but
this is not so. It is that we were shorter then, and the
snow seemed deeper. It is that there were fewer plows
and fewer roads then, and fewer houses to break the
wind. It may also be, but we doubt it. ‘‘Things look fairer
when we look back at them.’’ But we digress.

There was a time when a man merely looked at the sky,
knew it was a weather breeder, sniffed at and hefted the
air, made his forecast without shouting, and set about
preparing for the storm. Now we are blessed with me-
teorologists, climatologists and satellites to tell us of
weather. Even an amateur can play now.

We thrill at it. We long to hear of those great rivers of
arctic air sweeping down from the Dakotas, through Ne-
braska and Texas to mate with the warm circulations

over the Gulf of Mexico. We become ecstatic when the
two forces meet and commence dancing together. We get
a nervous twitch when the mass moves northeastward,
breaks across the Appalachians, and tumbles across the
coastal plain to the Atlantic. There in that unholy breed-
ing ground between the Jersey shore and the Virginia
capes, new energy spawns a secondary storm. It lurches
northward! Great God, it’s coming!

We are close to fainting now, as we scan the southern
sky for cirrus twists and the thickening middle clouds
that follow. And the swing of the wind from calm and
variable to early and peckery. Quickly now! Has that
high drifted out to Bermuda so it can pump our storm
north? Is that cold front lying just far enough west to
channel our storm properly–not to pull it too far west,
but to guide it just enough east so that the storm center
will skip and bump along the coast as it bends to the
northeast.

Is it moving slow enough so that it gathers all the avail-
able energy from the Atlantic? Is that Bermuda high
strong enough to keep pumping? Or will it dissipate and
let that storm out to sea south of us?

And what time is it? You never saw a good snowstorm
start in the early morning. Late forenoon at the earliest
and better after lunch. Watch out for those first few spits
of snow. Let it act like that for an hour or so, but no
longer. It should start and get about seriously falling
without dawdling. Watch the wind. Don’t let it swing too
quickly. Let it pick up from the southeast while the snow
spits, then it can climb (slowly, slowly) to the northeast.
Now, all is right! Sit back and wait twelve hours, then
you can go shovel.

Ah it is a mysterious bit of chemistry . . . . . . . . . . a mag-
nificent brew!

If we had our way we would reduce New England seasons
to two; the Hurricane Season and the Snowstorm Season.
That would leave the rest of you with the months of April
through June to worry about, the blandest most unin-
teresting time of the year.

It serves you right if you don’t think as we do and end
up getting stuck with April through June.
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Chapter 9

HISTORICAL OVERVIEW

Through the centuries, severe winter storms have be-
come part of the historical folklore of many regions.
Comprehensive accounts of major winter storms in the
northeast United States over the past three centuries
have been assembled by weather historian David Lud-
lum (1966, 1968, 1976, 1982, 1983).1 Ludlum’s con-
tribution to the study of meteorology in the United
States has been to document the great weather events
of American history, writing about numerous phenom-
ena such as hurricane and tornadoes, and providing his-
torical accounts of the distribution, depth, and duration
of great snowfalls, along with their wind velocity, de-
gree of cold, and effects on the general population. Near-
ly 300 years of such information provides compelling
historical and climatological insight into the levels of
severity these storms are capable of attaining. A sam-
pling of the region’s legendary snowstorms from the
18th, 19th, and first half of the 20th centuries follows
in this chapter.

1. A review of major snowstorms from the
Colonial period to 1900

In the year 2000, it is likely that there was no human
alive who remembered and experienced the March 1888
‘‘Blizzard of ’88.’’ However, the stories of those who
lived through that blizzard have enabled the storm to
become the ‘‘benchmark’’ for Northeast snowstorms
that persists to this day. However, historical accounts
have also documented earlier storms that have been at
least as severe, and, in one or two cases, may have been
more extreme. For example, the ‘‘great snow’’ of 1717
occurred nearly 60 years before the Declaration of In-
dependence was signed but was remembered and cited
by generations of people. This ‘‘great snow’’ and other
cases that have been recorded by historians are reviewed
in this section, followed by descriptions of several his-
toric snowstorms that have affected the northeastern
United States, beginning with the ‘‘Blizzard of ’88.’’

1 Historical discussions of storms also appear in selected issues of
Weatherwise, 1948 to the present.

a. Selected snowstorms: 1700–1899

1) 27 FEBRUARY–7 MARCH 1717: THE ‘‘GREAT

SNOW’’

The great snow of 1717 was a series of four snow-
storms, two relatively minor and two major, which left
depths in excess of 3–4 ft (90–120 cm) of snow across
most of southern New England, with drifts exceeding
25 ft (750 cm). The effects of these storms were so
impressive that local historical accounts still singled out
this storm period as the ‘‘great snow’’ more than 100
years following the event.

2) 24 MARCH 1765

This storm affected the area from Pennsylvania to
Massachusetts. From Philadelphia came this report: ‘‘On
Sunday night last there came on here a very severe
snowstorm, the wind blowing very high, which contin-
ued all the next day, when it is believed there fell the
greatest quantity of snow that has been known for many
years past; it being generally held to be two feet [(60
cm)], or two feet and a half [(75 cm)], on the level, and
in some places deeper.’’ (Ludlum 1966, p. 62.)

3) 27–28 JANUARY 1772: ‘‘THE WASHINGTON AND

JEFFERSON SNOWSTORM’’

George Washington, living in Mount Vernon, and
Thomas Jefferson, living in Monticello, were both ma-
rooned by this storm. Snowfall was estimated at 3 ft
(90 cm) on a level across Virginia and Maryland. Wash-
ington wrote, ‘‘the deepest snow which I suppose the
oldest living ever remembers to have seen in this coun-
try.’’ (Ludlum 1966, p. 145)

4) 26 DECEMBER 1778: ‘‘THE HESSIAN STORM’’

The storm of 26 December 1778 was a severe blizzard
accompanied by heavy snows, high winds, and bitter
cold extending from Pennsylvania to New England, with
drifts reported to 15 ft (500 cm) in Rhode Island. The
storm was named for troops occupying Rhode Island
during the Revolutionary War who were stranded by the
deep snows.
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FIG. 9-1. (top) Daily Weather Map for 11 Mar 1888. (bottom) Forecast or
‘‘indications’’ made by the U.S. Signal Service Corps on 11 Mar 1888.
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FIG. 9-2. Total snowfall (in.) 11–14 Mar 1888. Colored shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25 cm)
and greater.

5) 28 DECEMBER 1779–7 JANUARY 1780

Three storms during one of the coldest winters of the
past three centuries produced deep snows in much of
New England. The first storm produced rain from New
York City southward, but snow occurred in New Eng-
land with 18 in. (45 cm) at New Haven, Connecticut.
The second system was a violent snowstorm with ex-
tremely high tides from the Carolinas northward. The
third storm was confined primarily to eastern New Eng-
land. Snow depths in the wake of the three storms ranged
between 2 and 4 ft (60 and 120 cm) from Pennsylvania
to New England.

6) 4–10 DECEMBER 1786

This period featured another succession of three crip-
pling snowstorms. Estimates in the local press placed

snow depths from Pennsylvania to New England at 2–
4 ft (60–120 cm). In describing the third storm, a Boston
newspaper notes, ‘‘a snowstorm equally severe and vi-
olent with that we experienced on Monday and Tuesday
preceding. The quantity of snow is supposed to be great-
er, now, than has been seen in this country at any time
since that which fell seventy years ago, commonly
termed ‘‘The Great Snow’’ (Ludlum 1966, p. 71).

7) 19–21 NOVEMBER 1798: ‘‘THE LONG STORM’’

The storm described by Ludlum as the heaviest No-
vember snowstorm in the history of the coastal North-
east from Maryland to Maine occurred during 19–21
November 1798. Eighteen in. (45 cm) of snow report-
edly fell in New York City.
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FIG. 9-3. Sequence of surface weather maps between 0300 UTC 11 Mar and 1200 UTC 13 Mar 1888, including
fronts, isobars (hPa at 4-hPa intervals); and station symbols (temperatures �F, winds, current weather).
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PLATE. 9-1a. Wall Street, New York City, 12 or 13 Mar 1888 (New York Historical Society; from Caplovich
1987, p. 54).

8) 26–28 JANUARY 1805

This cyclone brought a very heavy snowstorm to New
York City and New England. Snow fell continuously
for 48 h in New York City, where 2 ft (60 cm) accu-
mulated.

9) 23–24 DECEMBER 1811

Temperatures fell from well above freezing on 23
December to near 0�F (�18�C) on 24 December, while
a storm intensified explosively off Long Island, New
York. Snowfall in New York City, Long Island, and
southern New England averaged 12 in. (30 cm), as se-
vere blizzard conditions prevailed. Strong winds and
high tides caused extensive damage to shipping.

10) 5–7 JANUARY 1821

An extensive snowstorm spread from Virginia to
southern New England, leaving 12 in. (30 cm) at Wash-
ington, D.C.; 14 in. (35 cm) at Baltimore, Maryland;
18 in. (45 cm) at Philadelphia, Pennsylvania; and 14 in.
(35 cm) in New York City.

11) 14–16 JANUARY 1831: ‘‘THE GREAT

SNOWSTORM’’

This storm produced the heaviest snowfall over the
largest area of any storm studied by Ludlum. Accu-
mulations exceeded 10 in. (25 cm) from the Ohio Valley
across much of the Atlantic coast north of Georgia.
Washington reported 13 in. (33 cm), with 18 in. (45 cm)
at Baltimore, 18–36 in. (45–90 cm) near Philadelphia,
15–20 in. (37–50 cm) at New York City, and 20–30 in.
(50–75 cm) over southern New England. The snowfall
distribution of this storm was rivaled, and likely ex-
ceeded, by the 12–14 March 1993 ‘‘Superstorm’’ (see
chapter 10.24).

12) 8–10 JANUARY 1836

This event became known as the ‘‘The Big Snow’’
for interior New York, northern Pennsylvania, and west-
ern New England, where 30–40 in. (75–100 cm) fell.
The storm also buried the coastal plain, with 15 in. (37
cm) at Philadelphia, 15–18 in. (37–45 cm) at New York
City, and 2 ft (60 cm) across southern New Jersey.
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PLATE 9-1b. Church Street, New Haven, CT, Mar 1888 (New Haven Colony Historical Society; from Caplovich 1987, p. 204).

13) 18–19 JANUARY 1857: ‘‘THE COLD STORM’’

The cold storm combined snowfall in excess of 10
in. (25 cm) with temperatures near or below 0�F
(�18�C) and high winds to produce severe blizzard con-
ditions from North Carolina to Maine. Snow totals
ranged from 15 in. (37 cm) near Norfolk, Virginia, to
18–24 in. (45–60 cm) in Washington, and 24 in. (60
cm) at Baltimore, with 12 in. (30 cm) at New York City,
and 14 in. (35 cm) at Boston, Massachusetts.

b. 11–14 March 1888: ‘‘THE BLIZZARD OF ’88’’

The most legendary of all storms to affect the north-
east United States occurred with an unprecedented com-
bination of heavy snows, high winds, and bitterly cold
temperatures. The effects of the storm were not as wide-
spread as many other notable snowstorms, but its impact
was immense over eastern New York, western New Eng-
land, New York City, and northern New Jersey. More
than 400 people were estimated to have perished on
land and at sea as the storm raged along the coastline
for 3 days. The storm has been the subject of numerous
studies and reports (Hayden 1888; Upton 1888; Wer-
stein 1960; Hughes 1976, 1981; Ludlum, 1976, 1983;
Kocin 1983; Caplovich 1988) describing the significant
effects of the storm, its impact on how forecasts were
made and transmitted in the late 19th century, and its
influence in eliminating aboveground electrical wiring,

which was devastated during the course of the storm.
Much of the following discussion is derived from Kocin
(1983).

The storm began innocuously. On 11 March 1888,
the ‘‘indications’’ or weather forecasts from the Wash-
ington office of the United States Signal Service (Fig.
9-1), the predecessor of today’s National Weather Ser-
vice, indicated little forewarning of a major storm:
‘‘Fresh to brisk easterly winds, with rain, will prevail
tonight followed on Monday by colder, brisk westerly
winds and fair weather throughout the Atlantic states.’’
A trough of low pressure neared the East Coast, accom-
panied by two separate low pressure centers: one mov-
ing north into Canada, and another new center devel-
oping over the southeast United States. A moderate rain-
storm enveloped the East Coast on 11 March but con-
ditions changed dramatically overnight as the system
reached the Atlantic Ocean.

Cold air began to pour eastward toward the coastline.
As the southeast low pressure center passed off the Car-
olina coastline during the evening of 11 March, the
storm began to intensify explosively as it moved slowly
northeastward toward southern New England. At the
same time, cold air continued moving eastward and
reached Washington by evening and New York City by
midnight. Overnight, rain changed to snow and by the
morning of 12 March, residents of New York City
awoke to a blinding blizzard marked by heavy snowfall,
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PLATE 9-1c. Main Street, Northampton, MA, Mar 1888 (New York Historical Society; from Caplovich 1987, p. 221).

downed overhead wires, and temperatures spiraling
downward toward 0�F (�18�C). Heavy snow, high
winds, and bitterly cold temperatures would continue
throughout the day and the following night. By the time
the snow ended on 14 March 1888, 2–4 ft of snow (50–
100 cm) had fallen across much of eastern New York,
northern New Jersey, and western and central New Eng-
land (Fig. 9-2). The severity of the storm was such that
it achieved more notoriety than all the other great winter
storms that have affected the northeast United States.

The local record of New York City’s weather office
included the following remarks about the storm (U.S.
Weather Bureau 1888):

The light rain turned to snow at 12:10 a.m. and continued

throughout the day. High northwesterly winds, maximum
velocity 48 MPH. The high winds began during the early
morning, snapping off anemometer wire at 3:00 a.m.;
during the driving snow and low temperature it was im-
possible to get instrument in working order until 10:00
a.m. and then only with the greatest efforts. It is supposed
that the highest velocity is properly recorded by self reg-
ister. The storm is the most severe ever felt in this vi-
cinity. The high wind and fine cutting snow made it al-
most impossible for travel. Travel by street railroads was
entirely suspended by 7: a.m. and by 8: a.m. all business
suspended, railway trains and ferries ceased to run, all
vehicles snow bound in the streets and abandoned. Many
accidents and one fatal collision occurred on the elevated
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PLATE 9-1d. Clark Street, Brooklyn, NY, Mar 1888 (Brooklyn Historical Society; from Caplovich 1987, p. 156).

railway. At some points the snow had drifted to an el-
evation of 15 to 20 ft. Snowploughs that started to clean
the railway tracks and abandoned were buried. All tele-
graph and telephone wires down and at night the city
was in darkness. Trees, signposts and awnings were
blown down. Several persons found in snow banks that
had evidently fallen exhausted from the severity of the
storm. The streets of the city were deserted and only a
few of the hundreds of thousands that are seen daily on
the streets made their appearance.
The assistants on duty at the office are deserving the
greatest praise for their promptness and most willing ef-
forts under such trying circumstances to keep the instru-
ments in proper working order and all routine duties both
in and out of the office, reflects credit upon their courage.

For many areas of the Northeast, this was (and still
is) the heaviest snowstorm on record with 20 to more
than 50 in. (50–125 cm) common from northern New
Jersey into eastern New York and much of western New
England. Near-record late winter cold temperatures and
high winds combined with the snow to create prolonged
blizzard conditions over a section of the country pop-
ulated by newly arrived immigrants and ‘‘old-timers’’
who had never experienced such a storm and assumed

that blizzards only occurred in the plains. The storm
resulted in tremendous personal suffering and caused
severe damage to transportation, shipping, and com-
munications.

Snowfall did not extend much farther south than
northern Virginia, but the Washington area was para-
lyzed by wind-blown snow and ice that accumulated up
to 6 in. (15 cm) while the Philadelphia area received 10
in. (25 cm). Snow totals and duration increased dra-
matically farther north in northeastern Pennsylvania,
northern New Jersey, eastern New York, Long Island,
Vermont, New Hampshire, western and central Mas-
sachusetts, most of Connecticut, and parts of Rhode
Island and Maine (Fig. 9-2), where 1.5 to nearly 5 ft
(38–150 cm) of snow fell. New York City officially
received 21 in. (53 cm) while communities across other
portions of New York City and Long Island measured
anywhere from 18 to 36 in. (45–90 cm). North of New
York City, 30–50 in. (75–127 cm) were common
throughout New York’s Hudson Valley, with Albany and
Troy, New York, measuring 46.7 and 55 in. (119 and
138 cm), respectively, with the greatest totals reported
near Saratoga Springs, where up to 58 in. (145 cm) fell.
Over New England, snow totals were equally impres-
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FIG. 9-4. Total snowfall (in.) 11–14 Feb 1899 for the northeastern United States. Colored shading represents increments of 10 in. (25 cm)
for amounts of 10 in. (25 cm) and greater.

sive, with widespread 20–40-in. (51–102 cm) accu-
mulations, including 44.7 in. (114 cm) in New Haven,
Connecticut; 32 in. (80 cm) at Worcester, Massachusetts;
and 27 in. (68 cm) in Concord, New Hampshire. Much
of this region saw the snow accompanied by gale force
winds and temperatures that fell to near 0�F (�18�C).

A series of surface weather analyses documents the
evolution of the storm (Fig. 9-3). High pressure and
weather conditions typical of mid-March characterized
the weather across the East Coast late on Saturday, 10
March, as a cold front marched across the Midwest and
Gulf coast states accompanied by a widespread region
of mostly rain from Alabama to Michigan. The domi-
nant surface cyclone was located over northern Mich-
igan while a new low pressure center had developed
near Mobile, Alabama. By Sunday afternoon (Fig. 9-
3b), the cold front continued moving to the east as the
northern low pressure center moved northward into Can-

ada and as the southern low moved northeastward and
deepened to 1004 hPa along the North Carolina coast.
Still, rain is primarily observed with this system from
North Carolina northward into New England while
westerly winds and colder temperatures were found be-
hind the front.

Following this time, weather conditions deteriorated
rapidly from Virginia northward as the cyclone contin-
ued to intensify off the East Coast, cold air filtered
eastward, and the heavy rains changed over to freezing
rain and then to heavy snow. By Monday morning, 12
March (Fig. 9-3c), the blizzard was in full swing from
New Jersey northward. A reinforcing cell of cold high
pressure north of the Great Lakes resulted in colder
temperatures feeding southward toward the storm center,
and by evening (Fig. 9-3d) the storm had reached its
maximum intensity near southeastern Massachusetts
with a central sea level pressure of 978 hPa while tem-
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FIG. 9-5. Total snowfall (in.) 11–14 Feb 1899 for the southeastern United States. Colored shading represents increments of 10 in. (25 cm)
for amounts of 10 in. (25 cm) and greater. Solid line represents 4 in. (10 cm) contour of snowfall.

peratures plunged across much of the region. Overnight,
the storm continued to rage and temperatures fell to the
single digits to near 0�F (�18�C) over a large area. By
the morning of 13 March, the storm showed the first
signs of weakening. By midafternoon, the storm was
clearly weakening (Fig. 9-3e) but snows continued over
much of the region. By the following morning (Fig. 9-
3f), the center of low pressure had continued to weaken
considerably and began moving eastward out to sea and
snows gradually began to end.

The ‘‘Blizzard of ’88’’ presented some aspects that
differed in many ways from the notion of a ‘‘classical’’
Northeast snowstorm. For example, many other cases
of major Northeast snowstorms shown in chapters 3 and
4 (volume I) are preceded by an outbreak of very cold
air across the eastern states, usually in association with
an intense cell of high pressure over New York or New
England. However, no such air mass was entrenched
over the northeast United States prior to the blizzard.
Rather, colder air moved into both regions at the same

time as the cyclone was intensifying off the southern
New England coast. Therefore, precipitation started as
rain and later changed to snow over a large section of
the Northeast. A north–south frontal zone to the north
of the cyclone is also an unusual feature that undoubt-
edly played a major role in focusing the heaviest snow-
fall along and to the west of the frontal zone. This fea-
ture and its attendant temperature contrast are unique
aspects of this case that are replicated by few other
storms. Selected photographs taken during the storm are
shown in Plates 9-1a–d.

c. 11–14 February 1899: ‘‘The great Arctic outbreak
and Blizzard of 1899’’

A 2-week period of exceptionally cold weather in
what weather historian David Ludlum (1970) describes
as ‘‘the greatest Arctic outbreak in history’’ culminated
in an exceptional blizzard that affected the entire East
Coast from Florida and the Gulf coast to Maine. The
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FIG. 9-6. Sequence of surface weather maps between 0100 UTC 11 Feb and 1300 UTC 14 Feb 1899. Blue, green,
and violet shading represents snow, rain, and freezing rain/sleet. See Fig. 9-3 for details.
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PLATE. 9-2a. The White House, Washington, DC, 15 Feb 1899 (from Ambrose 1993, p. 18).

cold-air outbreak caused temperatures to fall to 0�F
(�18�C) along the beaches of the Gulf coast and ice
flowed from the mouth of the Mississippi River into the
Gulf of Mexico (Kocin et al. 1988). All-time record
minimum temperatures were established in 12 states and
the District of Columbia. A series of snowstorms ac-
companied the cold weather leaving a blanket of snow
over much of the eastern United States that intensified
the effects of the cold. As the final and most significant
cold air mass spread over the central and eastern United
States on 10–11 February 1899, a major storm devel-
oped along the leading edge of the cold pool and evolved
into one of the most intense blizzards ever to affect the
Gulf and East Coasts. Near-blizzard conditions occurred
in such unlikely sites as New Orleans, Louisiana; Mo-
bile, Alabama; and Pensacola, Florida. More than a foot
(30 cm) of snow fell in a swath from the Carolinas to
Maine (Fig. 9-4), accompanied by high winds and tem-
peratures close to 0�F (�18�C) and snow extended
throughout much of the Gulf coast and as far south as

central Florida (Fig. 9-5). Illustrations of daily snowfall
for the 5-day period surrounding the blizzard are pro-
vided in Brooks (1914). Much of the following discus-
sion is derived from Kocin et al. (1988).

A sequence of surface weather maps documents the
evolution of the storm from late on 11 February 1899
through 14 February 1899 (Fig. 9-6). At 0100 UTC 12
February (Fig. 9-6a), a massive surface anticyclone was
located over much of the central United States with a
1058-hPa center over Wyoming. The cold front at the
leading edge of this cold outbreak had passed off the
Texas coast and was followed by northerly winds and
subzero temperatures (��18�C) as far south as north-
central Texas and northwestern Arkansas. A weak cy-
clone and associated coastal front were located along
the middle Atlantic coast with light snow and bitterly
cold temperatures just above 0�F (�18�C) across Vir-
ginia and Maryland and mixed precipitation from the
Carolinas to Georgia. A separate region of low pressure
was located in the Gulf of Mexico along the leading
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PLATE 9-2b. Music Academy, 9th and D St., Washington, DC, Feb 1899 (from Ambrose 1993, p. 15).

edge of the massive arctic outbreak with light rain, ice
pellets, and snow from the Texas coast to northwestern
Florida.

By the morning of 12 February, the coldest temper-
atures on record were being experienced across the cen-
tral and southern plains states as the anticyclone con-
tinued to drift southward. The low pressure system over
the Gulf of Mexico moved eastward overnight. Cold air
poured into the Gulf coast; the cities of New Orleans,
Mobile, and Pensacola experienced near-blizzard con-
ditions with snow, strong northerly winds, and rapidly

falling temperatures. Heavy snow extended northward
from central Alabama and northern Georgia into the
western Carolinas. A weak storm system that had de-
veloped the previous day along the Carolina coast had
progressed northeastward to off the Maryland coast and
was associated with a significant snowfall of 4–8 in.
(10–20 cm) from Virginia to southern New England.
The Gulf of Mexico low pressure system moved east-
northeastward during the day and appeared to redevelop
off the Southeast coast by evening. Snowfall expanded
northeastward from eastern Georgia to southern New
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PLATE 9-2c. Harlem, NY, 14 Feb 1899 (from Ambrose 1994, p. 19).

England with the heaviest snow falling from western
South Carolina into North Carolina and southeastern
Virginia. In the following 24 h, this storm would de-
velop rapidly and blizzard conditions would be expe-
rienced along much of the eastern seaboard.

By Monday morning 13 February (Fig. 9-6c), the
cyclone began to intensify explosively and was located
east of the North Carolina coast with a central sea level
pressure estimated at nearly 984 hPa. Snowfall rates
increased significantly overnight from the Carolinas
northward into New England as north to northeasterly
winds increased along the coast. Near-zero visibilities
in wind-blown heavy snow, gale force winds, and tem-
peratures below 10�F (�12�C) occurred over a wide
region from South Carolina to New England. By sunrise,
more than 10 in. (25 cm) covered portions of South and
North Carolina. Across Florida, rain changed to snow,
leaving the heaviest accumulation on record [1.9 in. (5
cm)] at Jacksonville, the only measurable snow ever
recorded at Tampa [0.1 in. (0.25 cm)], and snowflakes

were observed as far south as Fort Myers. Prior to a
rare snowfall in southern Florida during January 1977,
this was the farthest south snow had ever been observed
along the East Coast.

The cold air that had swept across the Southeast over-
night left many all-time low temperature records across
the region, including �9�F (�23�C) at Atlanta, Georgia,
and �2�F (�19�F) at Tallahassee, Florida. During the
day, the cyclone continued to deepen rapidly as it
tracked northeastward and by evening (Fig. 9-6d) was
located just southeast of Nantucket, Massachusetts, with
a central pressure estimated at 966 hPa. Blizzard con-
ditions raged along the middle Atlantic and New Eng-
land states all day and 20 in. (50 cm) of new snow piled
up in Washington and Baltimore, with more than 30 in.
(75 cm) on the ground, the deepest snow cover on record
(Plate 9-2a). As shown in Fig. 9-4, the heaviest snow
fell from central North Carolina northeastward through
Virginia, Maryland, and southern New Jersey, where
20-in. (50 cm) amounts were common, with Cape May,
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FIG. 9-7. Total snowfall for six cases, 1900–10: (a) 16–18 Feb 1900, (b) 16–18 Feb 1902, (c) 15–18 Feb 1903, (d) 24–26 Jan 1905, (e)
4–6 Feb 1907, and (f ) 25–26 Dec 1909. Shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25 cm) and greater. The
solid line represents snowfall of 4 in. (10 cm) or greater.
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FIG. 9-8. Sequence of surface weather maps for (a)–(c) 1300 UTC 24 Jan–1300 UTC 25 Jan 1905 and (d)–(f ) 1300 UTC
7 Feb–1300 UTC 8 Feb 1907. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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PLATE 9-3. Philadelphia street scene, 26 Dec 1909 (Library Company of Philadelphia, provided by Jan Nese from Nese and Schwartz
2002, p. 65).

New Jersey, reporting the greatest amount with 34 in.
(86 cm). Overnight, the storm center raced northeast-
ward, and by morning the snow ended across all of New
England except for Maine (Fig. 9-6f). Rapidly moder-
ating conditions following the storm reduced Washing-
ton’s record snow cover to a mere trace only a week
later. This massive blizzard and cold wave signaled the
winter’s dramatic last gasp.

Weather forecasts made during the course of the storm
were remarkably accurate according to a summary pub-
lished in the February 1899 edition of the Monthly
Weather Review (Garriott 1899). The Daily Weather
Map, issued on the morning of 12 February, gave the
following forecast: ‘‘Heavy snow is indicated this af-
ternoon and to-night from northern Virginia northward
through Eastern New York and southern New England,
and the snow will continue during Monday in New Eng-
land.’’ According to the Times Union of Albany, New
York, ‘‘It is seldom that the Weather Bureau fails in
predicting a big storm, and it had been more successful
this year.’’ According to the Boston Herald, ‘‘The
Weather Bureau is entitled to distinguished consider-
ation for its services. . . It foretold the widespread dis-
turbance with remarkable accuracy.’’ Selected photo-

graphs taken during the storm are shown in Plates 9-
2a–c.

2. Selected snowstorms: 1900–50

In this section, analyses and discussions of some of
the most significant snowstorms of the first half of the
20th century are presented. Snowfall and surface anal-
yses were prepared for more than 50 cases and several
cases from each decade are discussed and described in
varying detail throughout this section. These storms in-
clude the ‘‘Christmas Snowstorm’’ of 1909, an explo-
sive blizzard in March 1914, Washington’s ‘‘Knicker-
bocker’’ snowstorm of January 1922, New York City’s
‘‘Big Snow’’ of December 1947, and concludes with
the ‘‘Appalachian Storm’’ of November 1950.

The 1950 storm, one that produced very heavy snows
in the Ohio Valley and Appalachians but did not produce
significant snowfall in the Northeast urban corridor, is
included here, not only because it also had a significant
impact in the northeast United States, but also because
rarely has any storm displayed an overall intensity and
incomparable combination of severe weather elements
as this storm.
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FIG. 9-9. Sequence of surface weather maps for (a)–(c) 1300 UTC 25 Dec–1300 UTC 26 December 1909 and (d)–(f ) 0100 UTC 14 Jan–
0100 UTC 15 Jan 1910. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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FIG. 9-10. Total snowfall for six cases, 1910–20: (a) 14–15 Jan 1910, (b) 23–24 Dec 1912, (c) 13–14 Feb 1914, (d) 1–2 Mar 1914, (e)
3–4 Apr 1915, and (f ) 4–7 Feb 1920. Shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25 cm) and greater. The solid
line represents snowfall of 4 in. (10 cm) or greater.
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PLATE 9-4. New York City, Broadway, 14 Jan 1910 (from Ambrose 1994, p. 27).

a. 1900–10

The first decade of the 20th century was marked by
numerous significant snowstorms throughout the North-
east. Major snowstorms occurred in mid-February dur-
ing three of the first four years of the 20th century (Figs.
9-7a–c), including a storm that occurred exactly 100
years to the day prior to the Presidents’ Day snowstorm
of 16–17 February 2003. Two major snowfalls within
a week of each other occurred on 16–17 February 1902
and 21–23 February 1902. The first storm was a rapidly
deepening cyclone that dropped up to 2 ft (60 cm) of
snow in southern New Jersey and eastern New York.
The second storm left a narrow band of heavy snow
across northern Pennsylvania (where up to 33 in. of
snow fell), southeastern New York, and extreme south-
ern New England. A major snowstorm on 2–3 January
1904 left 10–15 in. (25–38 cm) of snow from New York
City to Boston, including 23 in. (58 cm) in New London,
Connecticut.

Two snowstorms in early January 1905 were followed
by a blizzard on 24–26 January that left up to 30 in.
(75 cm) of snow in southeastern New York (Fig. 9-7d).
The surface analyses for this storm system (Figs. 9-8a–

c) suggest that a merger (see volume I, chapter 4) of a
fairly weak coastal cyclone with a separate weather sys-
tem associated with a massive outbreak of cold air with
a 1055-hPa anticyclone led to the explosive develop-
ment of a storm system early on 25 January 1905. The
storm left a large swath of snow greater than 10 in. (25
cm) from eastern Maryland northward into southern
New England with a large area of �20 in. (�50 cm)
snows across northern New Jersey, southeastern New
York, and Connecticut.

The snowstorm of 4–6 February 1907 left heavy
snow accumulations of 10 in. (25 cm) from Washington
to Boston (Fig. 9-7e). This storm is a classic
‘‘nor’easter’’ or ‘‘Gulf of Mexico–Atlantic coastal de-
velopment’’ type storm (see volume I, chapter 3) with
low pressure developing in the Gulf of Mexico and mov-
ing northeastward along the Atlantic coast while a
strong anticyclone dominated the northern half of the
nation. This is an example of a storm system that pro-
duced a large area of heavy snow with a rapidly deep-
ening surface low of the New England coast (Figs. 9-
8d–f). The storm of 23–24 January 1908 left up to 22
in. (55 cm) of snow in southern New Jersey while the
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FIG. 9-11. Sequence of surface weather maps for (a)–(c) 1300 UTC 13 Feb–1300 UTC 14 Feb 1914 and (d)–(f ) 0100 UTC 1 Mar–0100
2 Mar 1914. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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FIG. 9-12. Sequence of surface weather maps for (a)–(c) 1300 UTC 4 Feb–1300 UTC 5 Feb 1920 and (d)–(f ) 0100 UTC 20 Feb–0100 UTC
21 Feb 1921. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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PLATE 9-5. Seashore damage in Rockaway Beach, NY, 21 Feb 1920.

December 1908 storm buried Virginia with 17 in. (43
cm) at Richmond and nearly a foot (30 cm) of snow in
Washington. President William Howard Taft was in-
augurated as President on 3 March 1909 during a sur-
prise snowstorm that left 10 in. (25 cm) in Washington
and Baltimore, and up to 15 in. (38 cm) in surrounding
areas.

The year 1909 ended up with a snowstorm on Christ-
mas night and the following day that left more than 20
in. of snow (50 cm) in Philadelphia and other portions
of eastern Pennsylvania and Delaware (Fig. 9-7f). This
storm was described in the December 1909 Monthly
Weather Review as one that ‘‘takes rank among the no-
tably severe and destructive winter storms that have
visited the North Atlantic States during the last half
century. . . .’’ This storm produced the heaviest snows
on record for much of Delaware and eastern Pennsyl-
vania at the time, including 21 in. (53 cm) at Philadel-
phia (see Plate 9-3). The snow began in Philadelphia

early on Christmas Day and continued all day with little
wind and no drifting. By 2000 local time (Fig. 9-9b),
only 5 in. (13 cm) of snow had fallen, but the storm
suddenly gained in strength, and snowfall rates and
winds increased. Overnight, the heavy wet snow was
drifted badly by increasing north to northwesterly winds
before ending by around 0800 LT on 26 December.

The storm was not preceded by the ominous signa-
tures of other serious winter storms, including a large
anticyclone poised over or north of the Northeast, or of
a developing storm in the Gulf of Mexico. Rather, high
pressure drifted eastward and weakened off the mid-
Atlantic coast and a modest storm system moved north-
eastward from northern Missouri to Indiana with the
hint of a secondary development over South Carolina
(Fig. 9-9a). This secondary low pressure system then
developed explosively (Figs. 9-9a–c), resulting in the
lowest pressure ever observed at Cape May, New Jersey,
(28.57 in.) to date. The Monthly Weather Review article
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FIG. 9-13. Total snowfall for six cases: 1920–30: (a) 20–21 Feb 1921, (b) 2–3 Jan 1925, (c) 3–4 Feb 1926, (d) 9–10 Feb 1926, (e) 28–
29 Jan 1928, and (f ) 20–21 Feb 1929. Shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25 cm) and greater. The solid
line represents snowfall of 4 in. (10 cm) or greater.
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PLATE 9-6a. The Knickerbocker Theater, Washington, DC, Jan 1922 (from Ambrose 1993, p. 24).

compares this storm to the 1888 blizzard and notes some
similarities as well as the significant difference that this
storm continued to move rapidly while the 1888 storm
stalled off southern New England. It appears that this
storm qualitatively resembles a recent storm on Christ-
mas Day 2002, when a secondary low pressure system
along the East Coast developed explosively without the
presence of a strong surface anticyclone, in response to
an amplifying upper-level jet–trough system. In the De-
cember 2002 case, the storm developed explosively just
south of Long Island, while the heaviest snow fell in
central New York. In this case, the low pressure system
deepened farther to the south, east of the southern New
Jersey, coastline before moving to the east, with heaviest
snows falling to the west and northwest of the surface
low, in Delaware and eastern Pennsylvania. While winds
were not unusually strong with a storm of such low
central pressure (possibly due to the lack of a significant
surface high), the maximum winds along the New Eng-
land coast coincided with the highest tides. In Boston,

tides were said to be the highest in over 50 years, caus-
ing much coastal flooding. Winds gusted to 45 mi h�1

(20 m s�1) in Boston, with 12 in. (30 cm) of snow,
while New York City reported 10 in. of snow, accom-
panied by winds that gusted to 58 mi h�1 (26 m s�1).

b. 1910–20

Less than 3 weeks after the 1909 Christmas snow-
storm, another major snowfall on 14–15 January af-
fected the mid-Atlantic states and southern New Eng-
land with 10 in. (25 cm) of snow in Philadelphia and
nearly 15 in. (37 cm) in New York City (Fig. 9-10a)
(see Plate 9-4). The occurrence of a primary and sec-
ondary low pressure system is an example of ‘‘Atlantic
coastal redevelopment’’ (see volume I, chapter 3), in
which a primary surface low pressure system crosses
the Ohio Valley and then a secondary low develops
along the Virginia coastline, intensifies, and becomes
the predominant cyclone (Figs. 9-9d–f). High pressure
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PLATE 9-6b. Sidewalk in Washington, DC following the Jan 1922 Knickerbocker Snowstorm (Washington Division, D.C. Public Library;
from Ambrose 1993, p. 29).

north of New York and New England provides the cold
air for snowfall. At the end of 1910, another major
snowfall in early December left around 10 in. (25 cm)
of snow between Washington and Philadelphia. Two
years later, in December 1912, another snowstorm just
prior to Christmas left a band of 12–18 in. (30–45 cm)
of snow across eastern Pennsylvania, central and north-
ern New Jersey, New York City, and southern New En-
gland (Fig. 9-10b) as low pressure developed in the Gulf
to Mexico and moved rapidly northeastward off the
North Carolina coastline, another classic nor’easter.

During a 3-week period in February and March 1914,
two severe blizzards enveloped portions of the Northeast
(Figs. 9-10c and 9-10d). The first storm, on 13–14 Feb-
ruary, followed a major arctic outbreak and produced
snow, sleet, and high winds along the coast and 1–2 ft
of snow (30–60 cm) across interior sections of the North-
east. A major component of this storm was a huge 1048-
hPa anticyclone that moved across the northern United
States and then drifted eastward across eastern Canada
as low pressure deepened rapidly along the middle At-

lantic coastline (Figs. 9-11a–c). The low pressure system
developed near the Gulf coast, moved northeastward into
the Tennessee Valley, and weakened as a strong second-
ary low pressure system developed along the Southeast
coast and intensified rapidly as it moved near the Atlantic
coast. The continued movement of the anticyclone to the
east and the near-coastal track of the cyclone ensured a
changeover from snow to sleet and freezing rain that
reduced snowfall totals from Washington to Boston, plac-
ing this storm in a category termed interior snowstorm
as described in chapter 5 of volume I.

The blizzard of 1–2 March 1914 was associated with
one of the deepest extratropical cyclones to affect the
United States during the 20th century. Sea level pressure
fell to 28.38 in. (962 hPa) in New York City and 28.25
in. (957 hPa) at New Haven, Conneticut, the lowest
pressures recorded at these locations. An examination
of the data report from Bridgehampton, New York, in-
dicates a pressure as low as 28.10 in. (952 hPa) on 1
March, one of the lowest pressures ever measured in
the United States during an extratropical cyclone.
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This storm has been described as the worst since the
blizzard of 1888 in New York City as heavy rain
changed to heavy, wind-driven snow. Fourteen inches
(35 cm) of snow fell in New York as winds blew at gale
to hurricane force. The area of heaviest snowfall was
restricted to the west of the deepening surface low as
it moved from the Virginia coast to a position near Long
Island late on 1 March with heaviest snows falling
across New Jersey and eastern New York with up to 30
in. reported in northeastern New Jersey (Fig. 9-10d).

Surface analyses (Figs. 9-11d–f) indicate an unusual
development of the storm as a fairly innocuous low
pressure system developing along the Southeast coast
interacts with a major outbreak of arctic air and becomes
a huge storm system, reminiscent of the kind of mergers
(see volume I, chapter 4) noted with some other extreme
storm developments, including the Blizzard of 1888 and
the Ohio Valley blizzard of January 1978 (Salmon and
Smith 1979; see volume I). The surface map at 2000
LT 1 March (Fig. 9-11f) represents the storm at its peak
as the central pressure of the storm has plunged to 952
hPa, with New York City reporting blinding snow and
winds gusting as high as 84 mi h�1 (38 m s�1).

The spring snowstorm of 3 April 1915 left 19 in. (48
cm) of snow in Philadelphia, the city’s fourth greatest
snowfall on record, and up to 21 in. (53 cm) in southern
New Jersey (Fig. 9-10e; see chapter 12). Two snow-
storms in February 1916 and one during early March
1916 contributed to large seasonal snowfall totals during
the winter of 1915/16 (see Fig. 2-3, volume 1). The
snowfall of 2–3 February 1916 left up to a foot (30 cm)
of snow from Hartford to Boston, while the storm of
11–13 February 1916 left 15 in. (38 cm) of snow in
Boston. The winter of 1916/17 was dominated by two
snowstorms: one on 15–16 December that left up to a
foot of snow (30 cm) in New York City, and a second
storm system on March 1917 that left up to 2 ft of snow
(60 cm) on Long Island and eastern Massachusetts.

c. 1920–30

The decade of the 1920s began with some extremely
harsh winter weather conditions. The Hartford February
1920 weather summary reported that the month of Feb-
ruary brought some the harshest winter conditions ever
experienced. A severe ice/sleet/snowstorm in late Jan-
uary was quickly followed by a more severe ice/sleet/
snowstorm on 4–7 February that left deep accumula-
tions of snow and slush over much of the Northeast.
This storm left a widespread blanket of deep snows from
northern Virginia to Maine (Fig. 9-10f) and the severity
of the storm was compounded by its long duration,
heavy amounts of sleet and freezing rain, and the re-
sulting large water content of the snow/sleet/rain mass
(Plate 9-5). The main features of this storm (Figs. 9-
12a–c) were a very slow-moving low pressure system
along the Atlantic coast interacting with a sprawling
anticyclone (1054 hPa) over southern Canada (the syn-

optic setting is similar to the Knickerbocker snowstorm
that had occurred two years later; described in the next
few pages). High winds and coastal flooding compound-
ed the severity of this storm (Plate 9-5).

A widespread snowstorm on 20–21 February 1921
produced more than a foot (30 cm) of snow from north-
ern Virginia through much of southern New England
(Fig. 9-13a). Surface analyses for this storm (Figs. 9-
12d–f) show another classic nor’easter with a strong
surface anticyclone drifting eastward along the U.S.–
Canadian border while low pressure moves from the
Gulf coast to the North Carolina coastline and then
northeastward south of southern New England. Increas-
ing northeasterly winds gusting to 57 mi h�1 (25 m s�1)
at New York City and 72 mi h�1 (32 m s�1) at Nantucket
caused extensive drifting of the snow, especially on the
evening of 20 February, as the initially weak surface
low deepened rapidly to the south of the strong Canadian
anticyclone.

27–29 JANUARY 1922: ‘‘THE KNICKERBOCKER

SNOWSTORM’’

The heaviest snowstorm ever recorded in Washington,
D.C., occurred exactly 150 years following the Wash-
ington–Jefferson snowstorm of 1772, a storm that pro-
duced similar amounts of snow across the middle At-
lantic states. The 1922 ‘‘Knickerbocker’’ storm is
known for its tragic consequences because it contributed
to the greatest disaster in the city’s history. The storm
dropped 28 in. (71 cm) of snow, leading to the collapse
of the roof of the Knickerbocker Theater during the
evening of 28 January (Plate 9-6a), where hundreds of
people were at the movies, one of the few activities left
unaffected in a city that was immobilized by the record
snowfall. The collapse of the theater roof led to the loss
of approximately 100 lives.

Snow began at 1620 LT on 27 January and reached
a depth of 9 in. (23 cm) by midnight. By 0800 LT on
the morning of 28 January, the snow depth had reached
18 in. (46 cm), and most street and rail traffic came to
a halt during the day. All government offices closed and
both the Senate and the House adjourned by early af-
ternoon when only a few members showed up. By 1400
LT, the snow depth reached 25 in. (63 cm), 26 in. (66
cm) by 1930 LT, and 28 in. (71 cm) by midnight. The
roof of the theater collapsed at approximately 2100 LT.
While the snow depth increased by only 3 in. after 1400
LT, the water equivalent of the snow totaled 0.69 in.,
indicating that the snow was settling while heavy snow
continued to fall. Light snow continued from around
2100 until 0030 LT 29 January. Measurements in and
around the city ranged from 24 in. (61 cm) to as much
as 38 in. (97 cm), according to local reports, with a
water equivalent of 3.02 in. (7.6 cm) at the Washington
city office (Plates 9-6a,b).

The snowfall was produced by a slow-moving coastal
storm that developed as a weak low pressure system off
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FIG. 9-14. Total snowfall (in.) for 27–29 Jan 1922. Colored shading represents increments of 10 in. (25 cm) for amounts of 10 in.
(25 cm) and greater.

the Florida coastline (Day and Fergusson 1922; Mook
1956) and moved slowly northeastward along a coastal
front before turning more to the east as it passed east
of the Virginia–Maryland coastline. Heaviest snows de-
veloped in the south and middle Atlantic states, with
the greatest accumulations of 50 cm or more primarily
across Virginia and Maryland (Fig. 9-14). The following
locations reported their greatest snowfalls of record at
the time: Baltimore [26.5 in. (66 cm)], Lynchburg, Vir-
ginia [20.2 in. (51 cm)], and Richmond, Virginia [19.1
in. (48 cm)]. High winds were reported near the coast
and produced serious drifting, particularly in Delaware
and New Jersey, with sections of Norfolk submerged
by coastal flooding, but winds were moderate in the
Washington–Baltimore region, averaging 10–20 mi h�1

(5–10 m s�1), limiting the amount of drifting in the
metropolitan areas. More than a foot of snow (30 cm)
fell over north-central North Carolina, much of central

and eastern Virginia, Maryland (except the panhandle),
Delaware, southeastern Pennsylvania, and central and
southern New Jersey. Heaviest snows remained south
of New York and New England.

The surface analyses in Fig. 9-15 show a fairly
straightforward evolution of the storm. A large, nearly
stationary surface high pressure system over southeast-
ern Canada to the north of New York and New England
provided the source of cold air for the snowfall event.
This high pressure system expanded and moved slowly
northwestward and appeared to be relatively stationary
as the storm was developing off the southeast United
States coast. A low pressure system developed just east
of the Georgia coast on 26 January (Fig. 9-15a) and
deepened slowly as it moved northeastward along a de-
veloping coastal front just east of the Southeast coast.
By early Friday morning, 27 January (Fig. 9-15b), the
storm center had moved to a position just east of Wil-
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FIG. 9-15. Sequence of surface weather maps between 0000 UTC 27 Jan and 1200 UTC 29 Jan 1922. See Fig. 9-3
for details.



328 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

mington, North Carolina, and snow, some of it falling
heavily, was occurring across eastern Tennessee, interior
North Carolina, and southern Virginia.

The storm continued to deepen during the day as gale
force winds began to pound the coasts of Virginia and
Maryland, and the snow changed to rain across south-
eastern Virginia. Snow spread into the nation’s capital
by late afternoon, and by evening, the surface low deep-
ened to 992 hPa just east of Cape Hatteras, North Car-
olina (Fig. 9-15e). During the next 24 h, the storm
moved very slowly and began to turn more to the east.
Therefore, heavy snow enveloped much of central and
northern Virginia, Washington, Maryland, southeastern
Pennsylvania, and southern New Jersey for the next
24 h, and its northward movement slowed appreciably
(Figs. 9-15d,e). As the storm drifted more to the east
than the north at 0000 and 1200 UTC 29 January, the
snow spread northward into New York City and Long
Island but barely affected extreme southern New Eng-
land. Snows finally ended along the coast early on 29
January.

The forecast issued early on 27 January, about 8 h
before the onset of snow in Washington, and as it ap-
peared on the Daily Weather Map, stated that ‘‘The out-
look is for snow to-night and Saturday in southern New
England, southern New York, the Middle Atlantic States
and West Virginia, and this afternoon and to-night in
North Carolina, extreme northern South Carolina, and
the extreme east portions of Tennessee and Kentucky.
. . . On the middle Atlantic coast increasing northeast
winds, probably becoming gales; snow to-night and Sat-
urday.’’ By early Saturday morning, with 18 in. (46 cm)
on the ground in Washington and snow still falling, and
with 4 in. (10 cm) at Philadelphia, by 10 a.m., the fore-
cast read ‘‘The outlook is for snow to-night and probably
Sunday in New England and southern and central New
York, and this afternoon and to-night in the Middle At-
lantic States and parts of North Carolina.’’ According
to the Washington Post, ‘‘The storm had been predicted
by the weather bureau . . . weather bureau officials hav-
ing predicted further snowfall today and possibly Sun-
day.’’ Furthermore, according to reports in the Wash-
ington Post on Saturday morning, ‘‘When the weather
forecasters left their work last night (Friday) they were
satisfied that the storm was merely getting its stride; that
the worst is yet to come. . . . Dr. Preston C. Day, who
has been over at the weather bureau from the time they
first began to keep records, said last night, unofficially,
that the storm is in all probability the heaviest snow-
storm seen in Washington since 1917. Going back even
farther than that, Dr. Day compared the storm that began
yesterday with the celebrated Blizzard of 1899.’’

Once forecasters saw how crippling the storm was in
Washington, they forecast those conditions to translate
northward toward New York and New England, but
those conditions never materialized (the 28 January
Washington Star reported that in New York, ‘‘The Storm
didn’t come up to expectations’’). As the low pressure

system passed east of the North Carolina coast, it turned
more to the east, sparing the northeast United States
north of New Jersey the bulk of the snow, yielding only
6 (15) to 12 in. (30 cm) in the New York City area and
completely missing the Boston metropolitan area.

The winter of 1922/23 was characterized by many
significant snowfalls and was a particularly snowy win-
ter (see volume I, chapter 2, Fig. 2-3). New York City
reported five separate snowfalls exceeding 6 in. (15 cm)
during January and February while a powerful cyclone
produced heavy snow across interior and northern por-
tions of the Northeast in early March. A powerful spring
storm system brought heavy snow and thunder to the
Northeast on April Fools Day 1924 while January 1925
was greeted by a very heavy snowfall in eastern Penn-
sylvania and northern New Jersey on 2–3 January, leav-
ing up to 27 in. (66 cm) of snow (Fig. 9-13b).

Two snowstorms within a week of each other in Feb-
ruary 1926 (Figs. 9-13c,d) crippled many portions of
the Northeast. The first snowstorm, on 3–4 February,
left more than 20 in. (50 cm) of snow across a large
portion of northeastern Pennsylvania, northwestern New
Jersey, and southeastern New York while leaving a large
area of a foot of snow or greater from northeastern West
Virginia to southern New England. New York City and
Boston were hard hit. Surface analyses (Figs.
9-16a–c) show a large, slow-moving low pressure sys-
tem that moved northeastward along the Atlantic coast
and deepened to around 970 hPa off southern New Eng-
land early on 4 February with gale force winds gusting
to 77 mi h�1 (34 m s�1) at Nantucket. Less than a week
later, a second significant snowfall produced its heaviest
snowfall across the Northeast urban corridor from Wash-
ington (Plate 9-7) to Boston. Most of the snowfall
amounts were 10–15 in. (25–38 cm) across a smaller
area than the 3–4 February snowfall. Surface analyses
(Figs. 9-16d–f) show that the snowfall was associated
with a fairly disorganized storm system that suddenly
congealed into a rapidly deepening cyclone late on the
night of 9 February and the morning of 10 February.
A primary surface low drifted eastward from the Mid-
west to near Pittsburgh, Pennsylvania, while a second-
ary low developed off the mid-Atlantic coast and deep-
ened rapidly. At 0800 LT, 10 February, heavy snows
were reported from Baltimore, Philadelphia, New York,
and Boston as the surface low had intensified rapidly
overnight, with an estimated pressure of 970 hPa south
of New England. Heavy snows fell for a period of 12
h or less as the storm moved rapidly northeastward,
while winds gusted to 66 mi h�1 (30 m s�1) at Nan-
tucket.

In early December 1926, a major snowfall left more
than a foot of snow (30 cm) in Boston while another
significant snowfall affected a large portion of the north-
ern and interior portions of the Northeast on 19–20
February 1927. Another major snowfall blanketed the
mid-Atlantic states on 28–29 January 1928 with up to
30 in. (75 cm) of snow reported in Maryland (see Fig.
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FIG. 9-16. Sequence of surface weather maps for (a)–(c) 1300 UTC 3 Feb–1300 UTC 4 Feb 1926 and (d)–(f ) 1300 UTC 9 Feb–1300
UTC 10 Feb 1926. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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PLATE 9-7. Street scene in Washington, DC, 10 Feb 1926 (from Ambrose 1993, p. 88).

9-13e). This storm appeared to develop as an interaction
or ‘‘merger’’ (see volume I, chapter 4) between an ini-
tially weak coastal low pressure system and a separate
system frontal system/cold outbreak dropping south-
eastward across the Midwest. A final major snowstorm
of the 1920s occurred on 20–21 February 1929 and left
8–12 in. (20–30 cm) along the urban corridor from
Washington to Boston (Fig. 9-13f).

d. 1930–39

A notable snowstorm affected Washington, Mary-
land, and Virginia on 29–30 January 1930, leaving a
foot (30 cm) of snow in Washington. This storm system
was a rapidly moving cyclone that formed in the Gulf
of Mexico and then moved east-northeastward off the
North Carolina coast without curving northeastward,

sparing much of the Northeast. While one of the deepest
East Coast storms (Fig. 9-18a,b,c) of the 20th century
produced more rain than snow in the Northeast urban
corridor on 6–7 March 1932, the snowstorm of 16–17
December 1932 left a foot (30 cm) of snow in Wash-
ington and Baltimore The track of the surface low for
this case is similar to that observed during the January
1930 storm but significant snow affected northern por-
tions of the middle Atlantic states and southern New
England. A fast-moving snowstorm on 10–11 February
1933 left 8–12 in. (20–30 cm) of snow from Baltimore
to Boston.

Bitterly cold periods in December 1933 and February
1934, some of the coldest weather of the 20th century
in the Northeast, were also accompanied by heavy snow-
falls. A significant snowfall just after Christmas 1933
left heavy snow from New Jersey to New England with
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FIG. 9-17. Total snowfall for six cases, 1930–40: (a) 19–20 Feb 1934, (b) 22–24 Jan 1935, (c) 18–20 Jan 1936, (d) 6–7 Feb 1936, (e)
23–24 Jan 1940, and (f ) 14–15 Feb 1940. Shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25 cm) and greater. The
solid line represents snowfall of 4 in. (10 cm) or greater.
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13 in. (32 cm) in Boston and 10 in. (25 cm) in New
York City, and was followed by temperatures that fell
to �14�F (�26�C) in Boston. February 1934 was one
of the coldest months ever recorded, which included the
record-setting cold outbreak of 9 February, during
which all-time low temperature records were shattered
in Boston [�18�F (�28�C)], New York City [�15�F
(�26�C)], and Philadelphia [�11�F (�24�C)]. During
the same month, three major snowstorms also occurred.
Snowstorms on 1–2 February and 26–27 February each
produced large areas of deep snowfall [6–12 in. (15–30
cm) generally between Washington and Boston]. A sep-
arate storm on 19–20 February was a major blizzard
(Fig. 9-17a).

The blizzard of 19–20 February 1934 stands out as
the most severe of the three snowstorms during February
1934 and was one of the most severe blizzards of the
first half of the 20th century. Snowfall was heaviest
across Connecticut and Massachusetts where 15–25 in.
(38–63 cm) of snow were common (Fig. 9-17a). The
surface low developed within an inverted trough–frontal
boundary along the East Coast and the surface low then
developed explosively off the southern New England
coast (Figs. 9-18d–f). High winds and falling temper-
atures added to the storm’s impact as the storm deepened
over New England. Newspaper accounts of the storm
described its effects from New York City to Boston and
especially across Connecticut as paralyzing. It was not
the ‘‘classic’’ snowstorm in which the surface low de-
velops to the south of the large high pressure system
over New England. However, it has some of the sig-
natures of those few storms that develop explosively
and have perhaps some of the greatest impact—remi-
niscent of the development of the blizzards of March
1888 and 1914 (see Figs. 9-3 and 9-11).

Another widespread snowstorm battered the entire re-
gion from Washington to Boston on 22–24 January
1935, leaving 12–18 in. (30–45 cm) of snow in the cities
and over 20 in. (50 cm) in Maine (Fig. 9-17b, Plate 9-
8). This storm system was slow to develop as a complex
series of low pressure systems consolidated along a
frontal boundary across the southeastern United States
on 21–22 January, with snow spreading from the Gulf
coast to the middle Atlantic states. Snowfall rates in-
tensified on 23 January as a low pressure consolidated
off the Carolinas coastline and moved northeastward
over the next 24 h (Figs. 9-19a–c).

The winter of 1935/36 was particularly severe, with
several outbreaks of bitterly cold air and significant
snowstorms, and was followed by catastrophic river
flooding in March 1936 as heavy rain fell on melting
snows. A vast snowstorm on 18–20 January 1936 pro-
duced heavy snow and sleet from New York City to
Boston, leaving 8–12-in. (20–30 cm) accumulations as
snow mixed with or changed to sleet, while 1–2 ft (30–
60 cm) amounts were common across large portions of
Pennsylvania, New York, and New England (Fig. 9-
17c). In early February, a major snowstorm affected

Virginia and Maryland, including 14 in. (35 cm) in
Washington (Plate 9-9) and more than 10 in. of snow
across much of Virginia (Fig. 9-17d). Surface analyses
show that this storm developed over the Gulf of Mexico
and followed a similar track to the January 1930 snow-
storm, from the Gulf coast to North Carolina, and then
east-northeastward over the Atlantic Ocean (Figs. 9-
19d–f). This storm produced the heaviest snows in the
middle Atlantic states while mostly avoiding New York
and New England. The late 1930s did not see many
significant snowstorms but an early season snow in No-
vember 1938 left a foot (30 cm) of snow in New York
and New England around Thanksgiving.

e. 1940–49

The decade of the 1940s was dominated by many
interesting and severe Northeast snowstorms, including
New York City’s greatest snowfall. January and Feb-
ruary 1940 were bitterly cold with major snowstorms.
One of the greatest Southeast snowstorms affected
Georgia through Maryland on 23–24 January and was
one of the heaviest snowstorms of record in Virginia,
where up to 32 in. of snow (79 cm) was measured (Fig.
9-17e). This storm followed a track that extended from
the Gulf of Mexico northeastward across northern Flor-
ida to a position off the South and North Carolina coast
before drifting northeastward into the western Atlantic
without affecting much of the northeast United States
north of southern New Jersey (Figs. 9-20a–c).

The ‘‘Valentine’s Day’’ snowstorm of February 1940
was an explosively developing storm that resulted in
blizzard conditions from Pennsylvania, into New York,
and to New England, and was one of the most memo-
rable snowstorms on record in Boston because of the
heavy snows and high winds. Snowfall from this storm
was widespread (Fig. 9-17f), with more than 10 in.
(25 cm) of snow covering much of Pennsylvania, the
southern two-thirds of New York, and all of southern
New England. The snowstorm was a rapidly developing
cyclone that crossed the Ohio Valley and the Appala-
chians and then redeveloped explosively as it crossed
the Virginia coastline early on 14 February 1940, reach-
ing a central pressure of 965 hPa or lower (Figs. 9-20d–
f).

Snowstorms in late February and early March 1941
left heavy accumulations in the middle Atlantic states
and New England. One storm, on 28 February–1 March
1941, left up to 16 in. (40 cm) of snow at Atlantic City
and paralyzed Philadelphia with up to a foot (30 cm)
of snow (Fig. 9-21a). Another storm about a week later
left the entire Washington to Boston corridor with more
than 10 in. (25 cm) of snow (Fig. 9-21b), including 18
in. (45 cm) in New York City. Surface analyses of this
storm show a slow-moving low pressure system over
the southeast United States with a ‘‘center jump’’ (see
volume I, chapter 3) as the surface low redeveloped
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FIG. 9-18. Sequence of surface weather maps for (a)–(c) 1300 UTC 6 Mar–1300 UTC 7 March 1932 and (d)–(f ) 1300 UTC 19 Feb–1300
UTC 20 Feb 1934. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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PLATE 9-8. Clearing a sidewalk in New York City, 23 Jan 1935 (from Ambrose 1994, p. 44).

northeastward near the middle Atlantic coastline as very
heavy snows moved northeastward (Figs. 9-22a–c).

One of the most anomalous snowstorms of the 20th
century occurred on 28–29 March 1942 (see volume I,
chapter 6), when a developing coastal low produced a
surprise 11 in. (27 cm) of snow in Washington, 22 in.
(54 cm) in Baltimore, and up to 3 ft (90 cm) of snow
across central Pennsylvania. A series of snowstorms in
late January 1943 left more than a foot (30 cm) of snow
in southern New England. A snowstorm on 11–12 Feb-
ruary 1944 left 8–12 in. (20–30 cm) of snow from New
York City to Boston. The winter of 1944/45 was also
quite severe with a major snowstorm on 14–16 January
with heaviest accumulations of a foot or more (30 cm
and greater) in eastern Pennsylvania, New York, and
central and southern New England (Fig. 9-21c). Another
storm on 8–9 February was severe in southern New
England, leaving more than 14 in. (35 cm) of snow in
Hartford; Providence, Rhode Island; and Boston. A third
major snowstorm occurred in 1945 on 19–21 December
with heaviest accumulations of 10–20 in. (25–50 cm)
from northern New Jersey to eastern New England.

Two major snowstorms dominated 1947 with the first
storm, on 21–22 February, overshadowed by New York

City’s greatest snowfall during December 1947. The
February 1947 snowstorm was a widespread snowfall
with 10–12 in. of snow (25–30 cm) or greater from
Washington to Boston and affected a large portion of
the Northeast (Fig. 9-21d). This storm can be considered
a classic Northeast snowstorm as low pressure devel-
oped near the Gulf coast as cold, high pressure nosed
southward across the northeast United States (Figs. 9-
24d–f). The storm intensified as it moved northeastward
along the East Coast, passing west of Cape Hatteras late
on 20 February but remaining south of New England
by the morning of 21 February (Fig. 9-22d) as the cen-
tral pressure of the low fell near 970 hPa.

1) 26–27 DECEMBER 1947: NEW YORK CITY’S

‘‘BIG SNOW’’

At 0320 LT 26 December 1947, snow began falling
in New York City and by the time it ended nearly
24 h later, 26.4 in. (66 cm) had fallen at Central Park,
5 in. (13 cm) more than had fallen officially during the
‘‘Blizzard of ’88.’’ At 0700 LT, nearly 2 in. were mea-
sured (5 cm); by 1015 LT, 7 in. (18 cm) were measured;
1300 LT, 12 in. (25 cm); and by 1900 LT, 24 in.
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FIG. 9-19. Sequence of surface weather maps for (a)–(c) 1300 UTC 23 Jan–1300 UTC 24 Jan 1935 and (d)–(f ) 1300 UTC 6 Feb–1300
UTC 7 Feb 1936. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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PLATE 9-9. Streets in Washington, DC, 7 Feb 1936 (from Ambrose 1993, p. 41).

(50 cm). Eleven sites within New York City reported
anywhere from 23 (58) to over 28 in. (71 cm), and
several suburban locations in southeastern New York
and northern New Jersey reported as much as 32 in. (80
cm; Fig. 9-23, Plate 9-10). Since many commuters were
stranded, hotel accommodations were exhausted and
many sought shelter in movie houses, armories, and
other public places. Thousands of automobiles were
stranded throughout the city and 24,000 extra workers
were hired to shovel the snow. A 4-day ban on auto-

mobile traffic in the city was ordered by the mayor to
clear the streets. The economic losses were estimated
in the millions of dollars. By 4 January 1948, more than
a week following the storm, all train, bus, subway, el-
evated, street car, and airplane service was restored, but
only little more than half of the city’s streets were
cleared for traffic (U.S. Weather Bureau 1947).

The greatest snowstorm in New York City’s history
is another example of a weather forecast gone terribly
wrong for what turned out to be a storm that rivaled
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FIG. 9-20. Sequence of surface weather maps for (a)–(c) 1300 UTC 23 Jan–1300 UTC 24 Jan 1940 and (d)–(f ) 0100 UTC 14 Feb–0100
UTC 15 Feb 1940. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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FIG. 9-21. Total snowfall for six cases, 1940–50: (a) 28 Feb–1 Mar 1941, (b) 7–8 Mar 1941, (c) 15–16 Jan 1945, (d) 21–22 Feb 1947,
(e) 19–20 Dec 1948, and (f ) 28 Feb–1 Mar 1949. Shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25 cm) and
greater. The solid line represents snowfall of 4 in. (10 cm) or greater.
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FIG. 9-22. Sequence of surface weather maps for (a)–(c) 1300 UTC 7 Mar–1300 UTC 8 Mar 1941 and (d)–(f ) 1200 UTC 20 Feb–1200
UTC 21 Feb 1947. Blue, green, and violet shading represents snow, rain, and freezing rain/sleet.
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FIG. 9-23. Total snowfall (in.) for 25–27 Dec 1947. Colored shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25
cm) and greater.

the impact of the Blizzard of 1888 in New York City
and surrounding areas. The 0130 LT 26 December 1947
forecast for eastern and southeastern New York found
on the early morning Daily Weather Map indicated that
2–4 in. (5–10 cm) of snow was likely as a small storm
system moved northeastward along the Atlantic coast.
A summary of special bulletins issued by the local
Weather Bureau office in New York City illustrates the
uncertainty that marred the forecast of this storm:

December 25

9:30 p.m. Tonight: cloudy with some snow possible to-
ward morning. Friday—Cloudy with occasional snow
ending during the afternoon followed by partial clear-
ing.
9:50 p.m. Cloudy with snow towards morning ending
during Friday afternoon, lowest temperature near 25.

This is a borderline situation and the amount and time
of precipitation depends on the movement of storm cen-
tered at 7:30 this evening off the Carolina coast. There
is 1 chance in 4 that snow may be heavy and last most
of the day, and 1 chance in 4 that no or little snow may
fall.

December 26

4:30 a.m. Today. Snow ending during the afternoon.
Tonight. Clearing.
10:30 a.m. About 7 in. of snow has fallen up to this
time. Indications are for snow to continue to late af-
ternoon or evening and accumulate 8 to 10 in.
Noon. Heavy snow will continue until 4:30 p.m. today
ending completely at 7:30 p.m. Snow amount near 15
in. Strong northerly winds will cause drifting tonight.
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PLATE 9-10. Bethpage, Long Island, New York. Louis Uccellini’s brothers Charles and Walter and father Louis D. Uccellini after digging
out from the 26–27 Dec 1947 storm. Note the windswept roof, an indication of the strong winds that accompanied this storm.

The area of snows in excess of 10 in. (25 cm) ex-
tended from extreme eastern Pennsylvania and central
New Jersey northward into southeastern New York and
southern New England (Fig. 9-23). Heaviest snows of
20 in. (50 cm) to greater than 30 in. (75 cm) were
confined to northeastern New Jersey, extreme south-
eastern New York, the western half of Long Island, and
southwestern Connecticut. Twelve-hourly surface anal-
yses (Fig. 9-24) show that the storm developed along a
frontal boundary near the Gulf and Southeast coasts with
a weak inverted trough extending northward along the
Appalachians and a developing coastal front off the
Southeast coast. High pressure remained stationary over
the Northeast early in the period and drifted northward

as the coastal low moved toward the middle Atlantic
coast. By midafternoon on Christmas Day (Fig. 9-24c),
a 1004-hPa surface low is analyzed east of Charleston,
South Carolina, with rain and snow across South and
North Carolina. Low pressure was also moving south-
ward toward the Great Lakes states with high pressure
anchored over New England. In the next 12 h, the sur-
face low moved northward to a position east of the
Virginia coast by 0630 UTC 26 December (Fig. 9-24d)
and deepened slowly as snow spread into northern Vir-
ginia, Maryland, southeastern Pennsylvania, and south-
ern New Jersey. At this time, mostly light to moderate
snows were falling in these locations, but snow would
not begin in New York City for the next few hours.
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FIG. 9-24. Sequence of surface weather maps between 1830 UTC 24 Dec and 0630 UTC 27 Dec 1947. See Fig. 9-3
for details.
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FIG. 9-25. Twelve-hourly analyses of 500-hPa geopotential height and upper-level wind fields for 0300 UTC 25 Dec–1500 UTC 27 Dec
1947. Analyses include locations of geopotential height maxima (H) or minima (L), contours of geopotential height (solid, at 60-m intervals,
522 � 5220 m), locations of 500-hPa absolute vorticity maxima (yellow/orange/brown areas beginning at 16 � 10�5 s�1 ; intervals of 4 �
10�5 s�1 , and 400-hPa wind speeds exceeding 30 m s�1 (at 10 m s�1 intervals; alternate blue/white shading).
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PLATE 9-11a. 42d St. between 7th and 8th Avenues, New York City (from Ambrose 1994, p. 49).

Within the next 12 h, the surface low deepened more
rapidly and continued its northward course but began
to slow as it neared southern New England as a 990-
hPa low by 1830 UTC 26 December (Fig. 9-24e).

It was during this period of more rapid intensification
that a mesoscale inverted pressure trough developed to
the northwest of the surface cyclone center. This feature,
shown in Fig. 6-10 (volume I, chapter 6), was first ob-
served over New Jersey and then extended from central
Long Island into southwestern Connecticut and south-
eastern New York. An analysis of the surface weather
data indicates that the locally excessive snowfall
amounts over northeastern New Jersey, southeastern
New York, and southwestern Connecticut (Fig. 9-23)
were associated with and located immediately to the
west of an inverted sea level pressure trough extending
north of the surface low pressure center. Pressure ten-
dencies indicate that the trough developed across a rel-
atively narrow area across western New England and
separated northeasterly winds east of the trough axis
from northwesterly winds in the region experiencing the
greatest snowfall. This mesoscale feature appears to be
a major factor in the excessive snowfall amounts and
has been a recurrent feature for other heavy snowfalls

that were not well predicted (see volume I, chapter 6).
While the surface low continued to intensify and drift
slowly eastward toward Nantucket Island (Fig. 9-24f),
snowfall amounts across the rest of New England were
clearly not as great as those across the New York City
area (Fig. 9-23).

This case is the first major snowstorm examined in
the monograph in which upper-air observations were
available and points to their importance in forecasting
the evolution of cyclones, especially for this case. This
new dataset may have provided an indication that this
storm had a ‘‘1 in 4 chance of developing into a major
snowstorm,’’ as forecasters surmised, and reveals that
the cyclone appears to develop as the result of a merging
or ‘‘phasing’’ of two upper-level short-wave troughs,
one associated with the small coastal cyclone off the
Southeast coast, and the other an amplifying or ‘‘dig-
ging’’ short-wave trough over the upper Midwest that
propagated southeastward and interacted with the
Southeast storm (see the 500-hPa analyses in Fig. 9-
25). More details on trough mergers are discussed in
chapter 4 of volume I. The interaction led to a rapidly
developing cyclone that moved northward toward east-
ern Long Island and then drifted eastward to off the
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PLATE 9-11b. 106th St., Central Park West, New York City, 27 Dec 1947 (from Ambrose 1994, p. 50).

southern New England coastline. Such interactions, in-
volving an amplifying upstream short-wave trough and
an incipient cyclone off the Southeast coast, appear to
have produced some of the most exceptional, sudden,
and dramatic cyclonic developments during the past
century. Selected photographs taken during the storm
are shown in Plates 9-11a–c.

New York City’s greatest snowfall was followed less
than a year later by another snowstorm that left up to
19.6 in. (50 cm) of snow on 19–20 December 1948,
with up to 24 in. (60 cm) at New London, Connecticut

(Fig. 9-21e). A complex storm system on 28 February–
1 March 1949 left up to 10 in. of snow (25 cm) in New
York City and Boston but up to 2 ft of snow (60 cm)
across Long Island and Connecticut (Fig. 9-21f).

2) 25–27 NOVEMBER 1950: ‘‘THE APPALACHIAN

STORM’’

The ‘‘Appalachian Storm’’ of November 1950 is the
greatest snowstorm on record for the western Appala-
chians and was accompanied by the coldest November
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PLATE 9-11c. Park Avenue looking northeast along 79th St. (from Ambrose 1994, p. 53).

temperatures on record for portions of the South and
Midwest (Smith 1950; Bristor 1951). Although this is
not a traditional ‘‘Northeast snowstorm,’’ since the heavi-
est snows fell far to the west of the Northeast coastline,
it is included here because it represents perhaps the great-
est combination of extreme atmospheric elements ever
seen in the eastern United States. We feel that this storm
is the benchmark against which all other major storms
of the 20th century could be compared, as will shortly
be described. The overused title ‘‘storm of the century’’

could be aptly used here. Rather, the storm for the century
might be a more appropriate moniker.

As an interesting historical footnote, the Appalachian
Storm served as the test case for the first numerical
models using the newly engineered ‘‘store-foreward’’
computers (Phillips 1951; Charney and Phillips 1953;
Phillips 2000). While the results of these first numerical
experiments might appear crude compared to the so-
phisticated numerical weather prediction techniques in
operational forecasting today, the success in simulating
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FIG. 9-26. Total snowfall (in.) for 22–28 Nov 1950. Colored shading represents increments of 10 in. (25 cm) for amounts of 10 in. (25
cm) and greater.

the general low-level and upper-level features of this
massive storm provided the impetus for the concept of
applying centralized model guidance as the basis for the
forecast process that was successfully applied during
the last half of the 20th century (volume I, chapter 8).

Snowfall totals of 20 in. (50 cm) or greater were
common throughout a wide portion of West Virginia,
western Pennsylvania, and eastern Ohio (Fig. 9-26) with
30 in. (75 cm) or greater in many of these locations.
Snowfall totals included 29.5 in. (74 cm) at Elkins, West
Virginia; 33.3 in. (85 cm) at Parkersburg, West Virginia;
and 25–30 in. (62–75 cm) were common in the cities
of Pittsburgh, Pennsylvania, and Cleveland and Youngs-
town, Ohio. The heaviest snow fell in West Virginia,
where 40–50 in. (100–125 cm) or more were reported

at many sites, including 62 in. (157 cm) at Coburn
Creek, over a period of several days (Fig. 9-26). The
heavy snow was accompanied by high winds and tem-
peratures that fell to near 0�F (�18�C), producing life-
threatening conditions for many days. In Dayton, Ohio,
where ‘‘only’’ 11.2 in. (28 cm) of snow fell, bitter cold
and 30 m s�1 winds created the worst blizzard on record.

Some of the coldest temperatures ever experienced
during November were common in the Midwest and
South with 0�F (�18�C) temperatures reaching central
Tennessee and northern Georgia, including �26�F
(�32�C) at Mount Mitchell, North Carolina;�23�F
(�31�C) at Pellston, Michigan; �1�F (�19�C) at Nash-
ville, Tennessee; and 3�F (�16�C) at Atlanta, Georgia,
to name just a few.
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FIG. 9-27. Sequence of surface weather maps between 0030 UTC 24 Nov and 1230 UTC 26 Nov 1950, including fronts
and isobars, and shading represents current precipitation.
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FIG. 9-28a. Detailed 3-hourly surface analyses between 0630 UTC 25 Nov and 0330 UTC 26 Nov 1950, including fronts and isobars
(hPa at 4-hPa intervals, station symbols, temperature �F, winds, current weather). Shading represents current precipitation.

Easterly gales with hurricane force gusts prevailed
across much of the northeastern United States and co-
incided with high tide, producing destructive coastal
flooding. Wind gusts in excess of 100 mi h�1

(50 m s�1) were recorded in Newark, New Jersey (108
mi h�1); Hartford, Conneticut; and Concord, New
Hampshire, and wind speeds of hurricane force were
experienced not only along the coast, but over much of
the interior of the Northeast as well. The high wind
speeds were generated by a strengthening pressure gra-
dient associated with a nearly stationary 1045–1050-
hPa anticyclone north of New England and by the in-

tense cyclogenesis moving north and northwestward
over the middle Atlantic states toward the Ohio Valley.

The sequence of 12-hourly surface charts (Fig. 9-27)
shows a strong cold front crossing the Ohio Valley,
lower Tennessee Valley, and Texas at 0030 UTC 24
November), extending southwestward from a low pres-
sure system over the Great Lakes. In the following
12 h (Fig. 9-27b), the low over the Great Lakes remained
stationary and weakened while a new 1015-hPa low
center developed along the cold front in western North
Carolina with snow falling in the cold air over the Ap-
palachians, west of the front. By 0030 UTC 25 Novem-
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FIG. 9-28b. Detailed 3-hourly surface analyses between 0630 UTC 25 Nov and 0330 UTC 26 Nov 1950.

ber (Fig. 9-27c), the low pressure system over the west-
ern Carolinas had briefly dropped southward and then
began to move northward as a 1004-hPa low along the
nearly stationary cold frontal boundary with snows in-
creasing in intensity along the Appalachians. Note that
at the same time this storm was beginning to intensify,
high pressure north of Maine also strengthened from
1030 hPa to nearly 1050 hPa in only 24 h. Over the
next 24 h (Figs. 9-27d,e), the storm increased rapidly
in intensity and moved, or redeveloped, to the north,
then to the northwest, and then to the west, reaching a
position over northern Ohio by 0030 UTC 26 November

1950 with a central pressure near 980 hPa. During this
period of intensification, the heaviest snows fell across
the northern Appalachians of West Virginia, western
Pennsylvania, and southwestern New York, and also
spread westward across Ohio, Michigan, and Indiana.

As the storm spiraled into Ohio, various frontal
boundaries surrounding the cyclone created exception-
ally complex weather patterns that can be best described
by examining detailed surface analyses of the storm,
shown at 6-hourly intervals in Figs. 9-28a and 9-28b.
A few of the most spectacular meteorological anomalies
that best typify this sequence of charts include the oc-
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FIG. 9-29. Sequence of 500-hPa charts between 0300 UTC 24 Nov and 1500 UTC 26 Nov 1950. See Fig. 9-25 for details.

currence of blizzard conditions at Pittsburgh, with heavy
snow and rapidly falling temperatures [from 21�F
(�6�C) at 1230 UTC 25 November to 9�F (�13�C) by
1830 UTC] as winds shifted from the northwest to a

southerly direction. This occurred as the storm was re-
developing to the north and west of Pittsburgh and the
coldest air moved into western Pennsylvania from the
south and west. Meanwhile, north of the cyclone, heavy
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PLATE 9-12a. Webster Ave., Pittsburgh, PA, 25 Nov 1950 (from Bristor 1951, p. 10).

rains, high winds, and much warmer temperatures con-
trasted with the arctic conditions farther south. At 1830
UTC 25 November, the time that Pittsburgh was ex-
periencing heavy snow and 9�F (�6�C) temperatures,
Buffalo, New York, was a balmy 54�F (12�C) with oc-
casional heavy rain and hurricane force wind gusts,
which were common at this time across much of New
York, New Jersey, and southern New England. In De-
troit, Michigan, heavy snow changed to rain after 1830
UTC as a warm front north of the developing storm
moved westward, raising temperatures from the low
teens (�F; �11�C) at 1230 UTC to the mid- and upper
30�s F (3��5�C) by 0030 UTC 26 November as the
boundary crossed the city late on November 25. The
passage of the warm front was followed only a few hours
later by the passage of the cold front from the east as
the storm center spun into Ohio (Fig. 9-28b). Temper-
atures across Detroit, northern Ohio, northwestern Penn-
sylvania, and western New York dropped rapidly as
winds shifted into an east-to-southeasterly direction be-
hind the front. Along the western fringes of the storm,
Indianapolis, Indiana, started the morning of 25 No-
vember with clear skies and �1�F (�19�C) tempera-
tures. As the day progressed, skies grew cloudy from

the east as the storm, initially too far east to have any
impact, moved toward Ohio. By nightfall, the blizzard
would reach into central Indiana, where even Indian-
apolis reeled from 7 in. (18 cm) of snow and high winds.

The 500-hPa charts (Fig. 9-29) show that this amazing
storm was accompanied by a dramatic amplification of
an upper-level trough over the east-central United States
on 24 November and evolved into a huge upper-level
vortex. The amplified trough developed a northwest to
southeast ‘‘negative tilt,’’ which contributed to the
northwestward track of the surface low from the Ap-
palachians to the Great Lakes. Selected photographs tak-
en during the storm are shown in Plates 9-12a–c.

f. Summary of snowstorms: 1900–50

Many memorable snowstorms occurred during the
first half of the 20th century. While most of these storms
can only be defined by their surface weather character-
istics prior to the advent of operational upper-level ob-
servations during the late 1940s, all storms exhibited
many of the features shown by 30 major snowstorms
during the second half of the 20th century, as discussed
in chapters 3 and 4 of volume I.
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PLATE 9-12b. A parking lot, LaGuardia Airport, New York City, 25 Nov 1950 (from Bristor 1951).

Classic nor’easters, with surface low pressure systems
developing over the Gulf of Mexico and following a
path along the southeast U.S. coast to near Cape Hat-
teras, North Carolina, were observed with many heavy
snowfalls. In some instances, low pressure veered east-
ward, sparing New England, while Virginia, Maryland,
Delaware, and Washington bore the brunt of the heaviest
snows. Examples include storms in January 1930, De-
cember 1932, February 1936, and January 1940. In oth-
er instances, low pressure centers reached Cape Hatteras
and then continued northeastward off the southern New
England coastline, producing heaviest snows from
Pennsylvania and New York northeastward into New
England, as in February 1907, February 1921, and Feb-
ruary 1947. The location of surface anticyclones, some
of which revealed high central pressures, provided the
cold air for precipitation to reach the ground as snow.
Examples of slow-moving storm systems following a
track from the Gulf of Mexico northeastward along the
East Coast and interacting with strong anticyclones in-
clude the destructive storms of February 1920 and the
Knickerbocker storm of January 1922.

Other snowstorms exhibited a primary low pressure
system moving toward the eastern United States fol-

lowed by the development of a secondary low pressure
system, as discussed in chapter 3 of volume I. Signif-
icant examples include December 1909, January 1910,
February 1914, and 9–10 February 1926. In many cases,
the presence of a significant anticyclone poised north
of New York and New England appears to play a major
role in providing cold air for the snowfall and helping
produce the baroclinic zones in which heavy snow de-
veloped. A few exceptions are noted, especially Decem-
ber 1909, in which heavy snow occurred without the
presence of a strong anticyclone.

Some of the most spectacular cyclogenesis occurred
in conjunction with initially weak cyclones that inter-
acted with significant outbreaks of cold air, possible
surface reflections of trough ‘‘mergers’’ (volume I,
chapter 4). Some of the most memorable snowstorms
fall into this category, including the March blizzard of
1888, the snowstorm of 24–25 January 1905, a sudden
snowstorm in March 1909 (not shown) that affected the
inauguration of President William Howard Taft, the bliz-
zards of March 1914 and February 1934, and the New
York City’s heaviest snowfall in December 1947.

The review of the first 50 years of the 20th century
is consistent with chapter 2 of volume I, which provides
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PLATE 9-12c. Digging out in Pittsburgh, PA, 27 Nov 1950.

a climatological review of the second half of the century,
in that the first 50 years were marked by at least 30
storms similar to those described in chapters 3 and 4
(volume I), illustrating that these storms were relatively
rare events, but possibly more frequent than during the
second half of the century, when seasonal snowfalls
appeared to diminish (see volume I, chapter 2). Episodes
of major snowstorms are noted throughout the first de-
cade of the century, the mid- to late 1910s, the early
and middle 1920s (especially February 1926), the mid-
dle 1930s, and several winters during the 1940s, sep-
arated by seasons of relatively low activity (such as the
early and late 1910s, the early and late 1930s, and parts
of the early 1940s), pointing toward the episodic char-
acteristic of these snowstorms. Out of the 30 storms
singled out for the first 50 years of the century, as dis-
cussed in section 2 of this chapter, more than half (16)

occurred during February, reconfirming a belief (see
volume I, chapter 2) that February is the month of the
‘‘big snows’’ in the Northeast urban corridor, at least
during much of the 20th century.

The advent of upper-level data during the late 1940s
provides evidence that the linkage of surface cyclones
and cold anticyclones to characteristic upper-level sig-
natures of upper trough–ridge patterns and their asso-
ciated upper-level jet streaks (see volume I, chapter 4)
applies to three cases in the late 1940s (not shown), as
they did to many cases during the second half of the
20th century. These surface and upper-level signatures
are shown in detail for 30 cases between 1950 and 2000
from chapters 3 and 4 of volume I, as well as the recent
Presidents’ Day Storm of February 2003, providing the
basis for the following chapter.
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Chapter 10

THIRTY-TWO SELECTED SNOWSTORMS: 1950–2003

This chapter systematically illustrates the organiza-
tion and evolution of the 30 snowstorms documented
in chapters 3 and 4 of volume I and the recent February
2003 and December 2003 snowstorms, focusing on the
period prior to and during the development of heavy
snowfall along the northeastern coast of the United
States. Each case study includes a total snowfall chart
and 12-hourly sequences of surface weather maps, 850-
hPa charts, 500-hPa geopotential height analyses with
400-hPa wind analyses superimposed, and 250-hPa geo-
potential height and wind analyses. Infrared satellite im-
age sequences are also displayed for all cases beginning
with 19–20 January 1978.

Each case begins with a brief summary of the storm’s
major effects on the Northeast urban corridor, as well
as a brief summary of the weather regime in which the
storm developed, including the phases of El Niño–
Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO). The snowfall charts that follow (Fig.
10.n-1, where n � 1. . . , 32) were constructed from
daily snowfall measurements provided in the National
Climatic Data Center publication Climatological Data.
Some urban measurements are listed in Tables 10.n-1,
including the storm’s classification under the Northeast
Snowfall Impact Scale [NESIS; see volume I, chapter
8.4; also see Kocin and Uccellini (2004)]. Accumula-
tions in excess of 10, 20, and 30 in. (25, 50, and 75
cm) are contoured and shaded and amounts for selected
locations are noted in the text.

The surface charts depict fronts, high and low pres-
sure centers, isobars, and precipitation (snow, mixed
precipitation, and rain; Figs. 10.n-2). The sequence of
maps is ordered so that the top-right panel captures the
surface low pressure center along the East Coast, when
many of the storms were deepening rapidly. A discus-
sion of the surface charts for each case focuses on the
coastal frontogenesis, the intensification, track, and du-
ration of the cyclone, the anticyclone, and cold-air dam-
ming east of the Appalachians.

The evolutions of the lower and upper troposphere
are described with analyses provided through a reanal-
ysis procedure described earlier, using the T254, 64-
level version of the National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS). The
850-hPa charts display geopotential height contours,
isotherms, and analyses of wind speed and direction

(Figs. 10.n-3). The 850-hPa low track and intensity, the
evolution of the lower-tropospheric baroclinic zone, and
the development of low-level wind maxima, or jet
streaks, are highlighted in the accompanying discus-
sions.

The upper troposphere is depicted by a map sequence
that displays 500-hPa geopotential height contours, iso-
tachs of 400-hPa wind speeds, and the locations of cy-
clonic absolute vorticity maxima at 500 hPa (Figs. 10.n-4).
The wind analyses at 400 hPa were selected to illustrate
the evolution of polar jet streaks that influence the de-
velopment of the storms, recognizing the possibility that
maximum wind speeds may occur between standard
pressure levels. The 250-hPa analyses of the geopoten-
tial heights and isotachs are presented to represent a
more complete picture of the polar jet streaks and the
evolution of subtropical jet streaks prior to and during
the evolution of the storm (Figs. 10.n-5).

These fields are examined to address how upper-level
troughs and jet streaks evolve in space and time and
how these features influence the surface cyclogenesis
and associated precipitation patterns. A general over-
view of the large-scale circulation patterns across the
United States, Canada, and surrounding oceans prior to
cyclogenesis and a discussion of ENSO and the NAO
are presented to identify any recognizable patterns that
precede or accompany the major snowstorms.

Various aspects of the troughs and their flanking ridg-
es, most notably the cyclonic vorticity and vorticity ad-
vection, amplitude, wavelength, trough axis orientation,
and the development of a closed circulation at 500 hPa,
are highlighted in relation to the surface cyclogenesis
and the development of precipitation. Changes in the
strength and location of upper-level wind maxima are
also discussed. The shortening wavelength of the
trough–ridge system and the increasing magnitudes of
jet streaks, which have been discussed by Palmén and
Newton (1969) and noted by Mullen (1983) and Uccel-
lini et al. (1984) as being associated with nonlinear pro-
cesses influential in the development of cyclones, are
also reviewed. The associations between diffluent flow,
negatively tilted troughs, and rapidly deepening cy-
clones are covered, since these factors point to the im-
portance of along-stream variations in the upper-level
height (mass) and wind fields in the development of the
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storm systems. The discussions of upper-level features
also include mention of the trough and confluence zones
over southeastern Canada and the northeastern United
States, and their associated jet streaks.

Twelve-hourly Geostationary Operational Environ-

mental Satellite (GOES-East) infrared imagery, corre-
sponding closely to the times of the surface and upper-
air analyses, are presented for each case since 1978 to
depict the evolution of cloud systems during cyclogen-
esis (Figs. 10.n-6).
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Coauthor Louis Uccellini near his home in Bethpage, Long
Island, New York, during the 18–20 Mar 1956 storm.
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TABLE 10.1-1. Snowfall amounts for urban and selected locations
for 18–20 Mar 1956. Also included is the Northeast Snowfall Impact
scale (NESIS; see volume I, chapter 8.4).

NESIS � 2.23 (category 1)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

1.7 in. (4 cm)
5.5 in. (14 cm)
8.7 in. (22 cm)

13.5 in. (34 cm)
13.3 in. (34 cm)

Other selected snowfall amounts
Babylon, NY
Newark, NJ
Providence, RI
Hartford, CT
Trenton, NJ

25.6 in. (65 cm)
18.2 in. (46 cm)
14.7 in. (37 cm)
14.0 in. (36 cm)
12.2 in. (31 cm)

1. 18–20 March 1956

a. General remarks

• The first snowstorm of the 30-case sample did not
affect a very large area, but the heaviest snow occurred
across the densely populated sections of eastern Penn-
sylvania, New Jersey, southeastern New York, and
southern New England. Local newspaper accounts in-
dicate that this storm was poorly predicted, with local
forecasts only calling for flurries the day the snow
began in New York City. As a result, many travelers
became stranded on the roads. An early account of
the storm can be found in Mook and Norquest (1956).
This system followed a more widespread snowstorm
on 15–16 March that produced similar snow amounts
in the interior of New York and New England (see
chapter 11.1), ending a period of relatively snow-free
winters across the Northeast urban corridor since
1950.

• Several regions had snow accumulations exceeding
10 in. (25 cm): southeastern Pennsylvania, New Jersey
(except the extreme south), southeastern New York,
Connecticut, Rhode Island, Massachusetts (except
northwest), and southeastern New Hampshire.

• Several regions also had snow accumulations exceed-
ing 20 in. (50 cm): scattered areas of northern New
Jersey, southeastern New York, Connecticut, and Mas-
sachusetts.

b. Surface analyses

• Cold air for the snowfall was provided by a weak, but
intensifying, anticyclone well north of New York,
which developed behind the major storm of 15–16
March. Sea level pressures at the center of this anti-
cyclone rose from 1021 hPa at 0300 UTC 18 March
to 1033 hPa by 1500 UTC 19 March.

• Cold-air damming was observed at 1530 UTC 18
March, as evidenced by an inverted sea level pressure
ridge from southeastern New York to northern Vir-
ginia. The damming occurred at the same time that
heavier snowfall was beginning to develop over the
middle Atlantic states. Warm frontogenesis is ana-
lyzed along the mid-Atlantic coast.

• The primary low pressure center tracked southeast-
ward from the northern plains states to the Ohio Valley
on 16–17 March in the wake of the intense storm that
had advanced northeastward along the East Coast on
15–16 March (Fig. 11.1-5; see chapter 11.1). The cy-
clone was weak, as indicated by the small sea level
pressure gradients in the vicinity of the low center,
and was associated with only scattered light precipi-
tation.

• A secondary cyclone formed over Virginia during the
early afternoon of 18 March and deepened slowly. The
secondary development was not especially pro-
nounced, even though the primary cyclone dissipated

over West Virginia in only about 6 h. Thundershowers
formed across Virginia and North Carolina, however,
and steady snowfall developed from Maryland to New
York City, as the cyclone crossed the Virginia coast
and moved over the Atlantic Ocean.

• Heavy snowfall commenced late on 18 March and
continued into 19 March from Pennsylvania and New
Jersey into southern New England, as the storm drifted
slowly northeastward and gradually deepened to 1000
hPa. The central sea level pressure dropped slowly,
only 8 hPa over the 30-h period ending at 1500 UTC
19 March.

• Northeasterly winds increased on 19 March as the sea
level pressure gradient north of the cyclone center
increased.

• Snowfall gradually ended across southern New Eng-
land late on 19 March as the cyclone continued drift-
ing slowly east-northeastward at an average speed of
10 m s�1.

c. 850-hPa analyses

• Northwesterly flow dominated the northeastern United
States prior to this storm, with the 0�C isotherm lo-
cated over the southeastern United States on 17
March.

• The 850-hPa low center, like its sea level counterpart,
did not intensify rapidly. The only deepening occurred
east of the New Jersey coast between 0300 and 1500
UTC 19 March, when the geopotential height mini-
mum fell 60 m. This 12-h period of intensification
occurred following the commencement of sea level
deepening.

• The region of maximum temperature gradient, in-
cluding the 0�C isotherm, was initially displaced sev-
eral hundred kilometers from the 850-hPa low center
on 17–18 March. The 0�C isotherm became nearly
collocated with the cyclone center by 0300 UTC 19
March as the sea level cyclone deepened east of Mary-
land.

• A pattern of enhanced 850-hPa temperature advec-
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FIG. 10.1-1. Snowfall (in.) for 18–20 Mar 1956. Shading contours are for 10 (25), 20 (50), and 30 in. (75 cm).

tions was established by 0300 UTC 18 March, as the
sea level cyclone propagated through the Ohio Val-
ley. At this time, strong cold-air advection can be
inferred over the eastern plains states and the middle
Mississippi Valley. By 1500 UTC 18 March, vig-
orous cold-air advections west of the 850-hPa low
center and warm-air advections east of the low were
quite evident. An S-shaped isotherm pattern resulted
near the East Coast late on 18 March and early on
19 March.

• Southerly 850-hPa winds over North Carolina and
Virginia increased to 15–20 m s�1 at 1500 UTC 18
March, as snowfall intensified across the middle At-
lantic states and convection developed in Virginia and
North Carolina. By 0300 and 1500 UTC 19 March, a
20–25 m s�1 low-level jet (LLJ) developed north of
the 850-hPa low center. This easterly LLJ augmented
the moisture transport toward the region of heavy

snowfall in New Jersey, New York City, and points
north.

• As the 850-hPa winds increased along the East Coast
between 0300 and 1500 UTC 19 March, there is ev-
idence of cross-contour flow, indicating an important
ageostrophic component as the LLJ developed to the
north and east of the 850-hPa circulation.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• The precyclogenetic environment over the United
States and Canada before 19 March was dominated
by a region of low geopotential heights over Quebec
and eastern Canada, and a ridge over the extreme west-
ern United States and western Canada. A pronounced
ribbon of large geopotential height gradients extended
southeastward from western Canada through the
Plains states to the southeastern United States.
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FIG. 10.1-2. Twelve-hourly surface weather analyses for 1530 UTC 17 Mar–0330 UTC 20 Mar 1956. Maps include surface high and low
pressure centers and fronts. Shading indicates blue, snow; violet, mixed precipitation; and green, rain. Solid lines are isobars (4-hPa intervals),
and dashed lines represent axes of surface troughs not considered to be fronts.
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FIG. 10.1-3. Twelve-hourly 850-hPa analyses for 1500 UTC 17 Mar–0300 UTC 20 Mar 1956. Analyses include contours of geopotential
height (solid, at 30-m intervals; 156 � 1560 m), isotherms (dotted, �C, in 5�C intervals; blue, 0� and less; red, 5� and greater), and intervals
of wind speed greater than 20 m s�1 (at 5 m s�1 intervals; alternating blue/white shading; red shading, 40 m s�1).
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FIG. 10.1-4. Twelve-hourly analyses of 500-hPa geopotential height and upper-level wind fields for 1500 UTC 17 Mar–0300 UTC 20 Mar
1956. Analyses include locations of geopotential height maxima (H) or minima (L), contours of geopotential height (solid, at 60-m intervals;
522 � 5220 m), locations of 500-hPa absolute vorticity maxima (yellow/orange/brown areas beginning at 16 � 10�5 s�1; intervals of 4 �
10�5 s�1), and 400-hPa wind speeds exceeding 30 m s�1 (at 10 m s�1 intervals; alternate blue/white shading).
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FIG. 10.1-5. Twelve-hourly analyses of 250-hPa geopotential height for 1500 UTC 17 Mar–0300 UTC 20 Mar 1956 (solid at 120-m
intervals; 1032 � 10 320 m), with wind speeds exceeding 50 m s�1 (at 10 m s�1 intervals; alternate blue/white shading).
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• A confluent pattern can be discerned in the geopo-
tential height field from the central Great Lakes and
Midwest, eastward across West Virginia to New York,
especially at 1500 UTC 18 March. By 0300 UTC 19
March, this region had shifted to eastern New England
eastward over the Atlantic. Rising sea level pressures
in association with an anticyclone over eastern Canada
were located beneath this confluence zone.

• The 500-hPa trough associated with the sea level cy-
clone initially appeared as a slight perturbation in the
northwesterly flow just north of North Dakota at 1500
UTC 17 March. The trough propagated southeastward
and then eastward in the following 24–36 h, reaching
the Appalachian Mountains as the sea level cyclone
neared the East Coast at 0300 UTC 19 March. During
this period, the axis of the trough rotated from a north-
east–southwest tilt to a north–south orientation.

• A region of cyclonic absolute vorticity at 500 hPa was
associated with the southeastward-propagating trough.
The vorticity maximum tracked from the Ohio Valley
to the middle Atlantic coast between 1500 UTC 18
March and 1500 UTC 19 March. The developing sur-
face low and outbreak of heavy snow were located
downwind of the propagating maximum in a region
of cyclonic vorticity advection.

• By 1500 UTC 19 March, a center of low 500-hPa
geopotential heights (denoted by an L) developed over
New Jersey, as the trough appeared to rotate north-
eastward about a preexisting 500-hPa low center near
Lake Erie. In the following 12 h, the new low center
deepened 60 m and evolved into a separate vortex off
the New England coast. The development of this vor-
tex coincided with a period in which the sea level
cyclone did not appear to deepen, although it had
deepened earlier.

• The 500-hPa trough exhibited a large increase in am-
plitude, especially at 1500 UTC 18 March and 0300
UTC 19 March. The amplification occurred as heavy
snow developed across the middle Atlantic states and

southern New England, and as the sea level cyclone
deepened, although at only a modest rate.

• The increase of amplitude was especially apparent be-
cause of the increase in 500-hPa heights downwind
of the trough axis, forming an amplifying ridge. The
formation of the ridge at 1500 UTC 18 March and
0300 UTC 19 March occurred in conjunction with the
development of strong warm-air advection at 850 hPa.

• By 0300 UTC 19 March, a wind maximum at 400
hPa extended off the coast of the northeastern United
States, within confluent flow south of the trough over
eastern Canada. The sea level anticyclone, low-level
northwesterly flow, and cold-air advection were lo-
cated beneath the entrance region of this jet streak,
especially at 1500 UTC 18 March.

• Although gaps in wind coverage were common during
the 1950s, two distinctly separate jet systems were
analyzed from the central to the southern United States
throughout the course of this event.

• At 400 hPa, these jets appear to merge into one jet
streak with a well-defined exit region off the mid-
Atlantic coast by 0300 and 1500 UTC 19 March. The
surface low, 850-hPa LLJ, and heavy snowfall all ap-
pear to develop within the exit region during this pe-
riod.

e. 250-hPa geopotential height and wind analyses

• A subtropical jet (STJ) was apparent at 250 hPa across
the southern United States. Wind speeds within this
jet increased between 1500 UTC 17 March and 0300
UTC 18 March, with maximum velocities of 70 m s�1

at 0300 and 1500 UTC 18 March, prior to cyclogenesis
along the East Coast.

• In this case, the STJ appears to remain south and east
as the polar jet analyzed at 400 hPa appears to pass
beneath it and propagate northeastward with the de-
veloping cyclone.
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Fans leave the racetrack at Bowie, Maryland, 15 Feb 1958 (photo courtesy of Kevin Ambrose, Blizzards and Snowstorms of Washington,
D.C., Historical Enterprises, 1993).
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TABLE 10.2-1. Snowfall amounts for urban and selected locations
for 14–17 Feb 1958; see Table 10.1-1 for details.

NESIS � 5.98 (category 3)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

14.4 in. (37 cm)
15.5 in. (39 cm)
13.0 in. (33 cm)
10.1 in. (26 cm)
19.4 in. (49 cm)

Other selected snowfall amounts
Callicoon, NY
Rochester, NY
Syracuse, NY
Albany, NY
New Haven, CT

38.7 in. (98 cm)
30.6 in. (78 cm)
26.5 in. (67 cm)
18.3 in. (46 cm)
17.2 in. (44 cm)

Allentown, PA
Worcester, MA
Newark, NJ
Trenton, NJ

15.8 in. (40 cm)
13.6 in. (35 cm)
13.3 in. (34 cm)
13.0 in. (33 cm)

2. 14–17 February 1958

a. General remarks

• The ‘‘Blizzard of ’58’’ was a very widespread storm
that produced snow accumulations in excess of 10 in.
(25 cm) from Alabama to Maine. The storm occurred
during one of the stormiest and snowiest winters of
the late 20th century. Intense cold and high winds
persisted after the snow ended, prolonging the severe
effects of the storm.

• The following regions had snow accumulations ex-
ceeding 10 in. (25 cm): central Virginia, central Mary-
land, northern Delaware, eastern Pennsylvania, New
Jersey, New York (except southwest and northwest),
Connecticut, Rhode Island, Massachusetts, Vermont,
New Hampshire, and sections of western Maine, West
Virginia, western Virginia, and Maryland.

• The following regions had snow accumulations ex-
ceeding 20 in. (50 cm): eastern Pennsylvania, western
and eastern New York, southern Vermont, eastern
Massachusetts, and scattered areas of New Hampshire,
Connecticut, New Jersey, and Maryland.

b. Surface analyses

• As one anticyclone moved off the East Coast on 14
February, cold air for the snowfall was reinforced by
another large anticyclone (1035 hPa) moving south-
ward from the Canadian plains toward the northern
plains states. A lobe of high pressure extended east-
ward from this anticyclone across Ontario and into
southern Quebec.

• Cold-air damming was observed over the southeastern
United States on 15 February, as an inverted ridge of
sea level pressure developed from North Carolina to
Georgia. Coastal frontogenesis occurred immediately
off the Southeast coast at the same time and coincided
with the development of moderate to heavy precipi-
tation across Georgia and the Carolinas.

• The sea level cyclone followed a path from the west-
ern Gulf of Mexico to Georgia, then northeastward
up the Atlantic coast. The cyclone center appeared to
jump or redevelop northeastward when it reached
South Carolina at 1800 UTC 15 February. A new
center formed over eastern North Carolina and
reached southeastern Virginia by 0000 UTC 16 Feb-
ruary. The average propagation rate of the storm was
17 m s�1, but during this 6-h period, the rate increased
to nearly 25 m s�1. The forward rate of motion slowed
to about 10 m s�1 as the cyclone neared southern New
England on 16 February.

• A weak, inverted sea level pressure trough extending
northward from the cyclone center during 14–15 Feb-
ruary was accompanied by light snowfall. This feature
reflected an upper-level trough and vorticity maximum
that was separate from the upper-level system asso-
ciated with the cyclone. The inverted sea level trough
lost its identity late on 15 February as it became in-

corporated into the expanding circulation about the
deepening cyclone.

• Sea level deepening occurred nearly continuously
from 14 to 16 February as the cyclone moved from
the western Gulf of Mexico to the New England coast.
During this period, the central pressure fell from 1004
to 970 hPa. Deepening rates exceeding�3 hPa (3 h)�1

prevailed between 1200 UTC 15 February and 1200
UTC 16 February. Heavy precipitation was observed
along the East Coast during this period of rapid in-
tensification.

• Concurrent with the rapid deepening of the sea level
cyclone, strong northeasterly winds developed north
of the storm center along the middle Atlantic and
southern New England coasts. As the cyclone moved
off the New England coast on 16–17 February, bitterly
cold air followed in its wake. Temperatures fell from
�10� to �20�C across the northeastern United States
on 17–18 February.

c. 850-hPa analyses

• As the cyclone was developing over Texas and Lou-
isiana on 14 February, cold air dominated the lower
troposphere over the central and eastern United States,
with the 0�C isotherm suppressed over the southern
United States. At the same time, strong northwesterly
flow behind an intense cyclone east of Maine was
associated with 850-hPa temperatures between �10�
and �20�C in the northeastern states. The north-
westerly flow was located beneath a confluent upper-
level geopotential height pattern over the northeastern
United States.

• The 850-hPa low center formed over Louisiana by
0000 UTC 15 February and deepened during the next
48 h. Maximum deepening occurred as the center
moved from Alabama to southeastern Virginia [�90 m
(12 h)�1] and then to near Long Island [�150 m (12
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FIG. 10.2-1. Snowfall (in.) for 14–17 Feb 1958. See Fig. 10.1-1 for details.

h)�1] between 1200 UTC 15 February and 1200 UTC
16 February. This period coincided with the rapid in-
tensification of the sea level cyclone. The 850-hPa
center then deepened only 30 m as it moved to near
Boston, Massachusetts, by 0000 UTC 17 February,
an indication of the occlusion of the cyclone.

• The 850-hPa low evolved along a band of isotherms
over the southern United States, where the shape of
the isotherm pattern took on the characteristic ‘‘S’’
shape by 0000 UTC 16 February as the temperature
gradient increased between 14 and 15 February. The
development of the low center at 0000 UTC 15 Feb-
ruary was accompanied by a strong surge of cold-air
advection west of the low over Texas. In the next 12 h,
this cold-air surge was followed by the development
of a pronounced southerly LLJ over the southeastern
United States. The development of this jet coincided
with an outbreak of moderate to heavy precipitation

over the southeastern states and the formation of the
coastal front.

• As the LLJ developed in the Southeast and then farther
northward along the East Coast between 0000 UTC
15 February and 1200 UTC 16 February, distinct
cross-contour flow is noted, indicating a significant
ageostrophic component to the wind field as the winds
increased along the axis of the LLJ.

• The enhanced cold-air advection west of the low cen-
ter and warm-air advection east of the low center cre-
ated an S-shaped isotherm pattern over the eastern
United States on 15 February.

• The 0�C isotherm was nearly collocated with the 850-
hPa low center until the cyclone reached New England
at 0000 UTC 17 February, at which time the center
was located in colder air (another indication of oc-
clusion). The 0�C isotherm appeared to represent the
rain–snow demarcation rather well for this case, since
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FIG. 10.2-2. Twelve-hourly surface weather analyses for 1200 UTC 14 Feb–0000 UTC 17 Feb 1958. See Fig. 10.1-2 for details.
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FIG. 10.2-3. Twelve-hourly 850-hPa analyses for 1200 UTC 14 Feb–0000 UTC 17 Feb 1958. See Fig. 10.1-3 for details.
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FIG. 10.2-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 14 Feb–0000 UTC 17 Feb
1958. See Fig. 10.1-4 for details.
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FIG. 10.2-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 14 Feb�0000 UTC 17 Feb 1958.
See Fig. 10.1-5 for details.
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it progressed no farther northward than the Delaware–
Maryland coast (cf. with snowfall chart).

• By 1200 UTC 16 February, a complex easterly wind
maximum nearing 30 m s�1 was established north of
the 850-hPa low center as it deepened rapidly and was
directed toward the regions experiencing heavy snow-
fall.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This blizzard and the following March snowstorm oc-
curred during a winter marked by a strong El Niño
signal (Fig. 2-19, volume I) and negative NAO. A
lengthy period of negative NAO began during the
middle of January 1958 and persisted until mid-April
without break. The storm developed in a period when
the daily NAO values were becoming more negative
and then grew less negative once the storm occurred.
Possible evidence for the negative NAO may be ob-
served in the 500-hPa charts by the emerging cutoff
upper ridge developing near southern Greenland from
14 through 17 February.

• The precyclogenetic period, prior to 15 February, fea-
tured an upper-level ridge across the western United
States and Canada, an intense cyclonic circulation
over extreme southeastern Canada, a separate cyclonic
vortex near Hudson Bay, and a closed anticyclonic
circulation south of Greenland. The greatest geopo-
tential height gradients were located over the United
States, where several jet streams were observed. A
trough was propagating from the southwestern United
States into the south-central states.

• The surface high pressure ridge and cold temperatures
in the northeastern United States were located beneath
a distinct region of confluent geopotential heights over
the northeastern United States upwind of a deep 500-
hPa trough over southeastern Canada on 14–15 Feb-
ruary.

• The intensifying sea level cyclone was associated with
an upper-level trough that tracked eastward across the
southern United States and then rotated northeastward
along the east coast on 16 February.

• A separate upper-level trough associated with the sea
level inverted trough over the Ohio Valley rotated
about the Hudson Bay vortex between 1200 UTC 14
February and 1200 UTC 15 February. It then appeared
to merge or phase with the trough moving north-
eastward along the East Coast at 0000 UTC 16 Feb-
ruary.

• The deepening cyclone and heavy precipitation were
associated with cyclonic vorticity advection down-
wind of a vorticity maximum crossing the southern
and eastern United States on 14–16 February. The sea
level inverted trough over the Ohio Valley on 14–15
February was associated with a separate vorticity max-

imum that probably merged with the other vorticity
field by 0000 UTC 16 February.

• As the trough associated with the cyclone moved
northeastward along the Atlantic seaboard and merged
with the other trough swinging around the vortex near
Hudson Bay, geopotential heights fell rapidly along
the East Coast between 1200 UTC 15 February and
0000 UTC 17 February. During this period, the sea
level cyclone deepened rapidly and a major shift in
the upper-level circulation pattern occurred, as the
Hudson Bay vortex became reestablished over the
northeastern United States.

• The sea level cyclone underwent its greatest intensi-
fication after 1200 UTC 15 February within the dif-
fluent region downwind of the upper-level trough as
the trough axis neared the East Coast and changed its
orientation from north–south to northwest–southeast
(a negative tilt), and as the 500-hPa low center either
propagated, or more likely redeveloped over the north-
eastern United States.

• Increases in the amplitude of the trough and the down-
stream ridge during cyclogenesis were small relative
to the other cases. The half-wavelength between the
trough and downstream ridge decreased substantially,
especially between 1200 UTC 15 February and 1200
UTC 16 February.

• Serious gaps in wind observation coverage plagued
this case, especially over the western United States,
but the event featured a variety of jet systems that
were captured by the reanalysis and influenced the
development of the cyclone.

• A distinct entrance region into a strong polar jet was
in evidence at 1200 UTC 14 February and 0000 UTC
15 February across the northeastern United States to
the south of an intense vortex at 500 hPa over extreme
southeastern Canada. The cold-air outbreak across the
eastern United States occurred within the confluent
entrance region of this jet.

• A separate jet (which was difficult to analyze because
of missing wind reports) was analyzed nonetheless
west of and near the upper trough propagating through
the south-central states on 14–15 February. Rapid cy-
clogenesis appeared to commence within the exit re-
gion of this jet as the jet reached the base of the
deepening upper-level trough along the middle Atlan-
tic coast between 1200 UTC 15 February and 0000
UTC 16 February.

e. 250-hPa geopotential height and wind analyses

• A subtropical jet with velocities exceeding 70–80 m s�1

was observed over the southeastern United States
through 1200 UTC 15 February, when its axis was
located south of the developing surface low.

• By 1200 UTC 15 February, a separate 60 m s�1 jet
had developed from the eastern Ohio Valley to the
Atlantic coast at the crest of an amplifying upper-level
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ridge. This jet formed immediately prior to rapid cy-
clogenesis along the East Coast as the precipitation area
spread northeastward with the developing coast low.

• The amplification of the separate jet over the ex-

panding region of precipitation and amplifying ridge
appears to strengthen (or reinforce) the entrance re-
gion of this jet system over the middle Atlantic states
during the beginning phases of the snowstorm.
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A U.S. Air Force helicopter assists some of the nearly 800 stranded travelers at the Morgantown exit
of the Pennsylvania Turnpike, Mar 1958 (photo courtesy of Temple University Libraries, Urban Archives,
Philadelphia).
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TABLE 10.3-1. Snowfall amounts for urban and selected locations
for 18–21 Mar 1958, see Table 10.1-1 for details.

NESIS � 3.92 (category 2)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

4.8 in. (12 cm)
8.4 in. (21 cm)

11.4 in. (29 cm)
11.7 in. (30 cm)

6.7 in. (17 cm)

Other selected snowfall amounts
Morgantown, PA
Mount Airy, MD
Allentown, PA
Wilmington, DE
Worcester, MA
Trenton, NJ
Newark, NJ

50.0 in. (127 cm)
33.0 in. (84 cm)
20.3 in. (51 cm)
19.0 in. (48 cm)
18.8 in. (48 cm)
17.8 in. (45 cm)
14.8 in. (38 cm)

3. 18–21 March 1958

a. General remarks

• This late winter snowstorm was one of the more un-
usual cases of the sample, for which elevation played
a very significant role in the snowfall distribution.
Although snow amounts at the official reporting sites
in the five largest cities did not reach 12 in. (30 cm),
some of the Washington, Baltimore, Philadelphia, and
New York City suburbs received from 14 (35) to more
than 20 in. (50 cm). While many local forecasters from
Washington to Boston assumed that precipitation
would fall primarily as rain, heavy, wet snow with
temperatures near or slightly above freezing resulted
in tremendous destruction of power lines and trees. In
parts of eastern Pennsylvania and northern Maryland,
this was the greatest snowfall on record. Further de-
scriptions of the storm can be found in Sanderson and
Mason (1958).

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): northern Virginia, central
Maryland, northern Delaware, eastern Pennsylvania,
New Jersey (except near the coast), southeastern New
York, western Connecticut, and scattered areas of east-
ern West Virginia, western Pennsylvania, Rhode Is-
land, east-central Massachusetts, New Hampshire, and
Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): sections of north-central
Maryland, eastern Pennsylvania, western New Jersey,
and scattered areas of northern Virginia, northern Del-
aware, southeastern New York, Massachusetts, and
New Hampshire.

b. Surface analyses

• Cold air (or, more appropriately, cool air) for this event
was provided by a large anticyclone centered over
extreme northern Canada, with a weak ridge of high
pressure extending south-southeastward into the
northeastern United States. On 19 March, late winter
sunshine helped to boost surface temperatures in this
air mass to as high as 10�C in Maine. Where clouds
and precipitation dominated, however, temperatures
generally ranged between 0� and 2�C.

• Weak cold-air damming was observed, especially at
0000 UTC 19 March, when an inverted high pressure
ridge extended from New Jersey to South Carolina.
At the same time, coastal frontogenesis, which was
more pronounced in the wind field than in the tem-
perature field, was occurring off the Carolina coast.

• The most striking characteristic of the sea level cy-
clone was its slow movement, which averaged only 6
m s�1 during the 60-h period shown in the analyses.
The cyclone headed northeastward along the South-
east coast at a rate of approximately 10 m s�1 on 19

March, but then slowed to 5 m s�1 or less on 20–21
March off the New Jersey and southern New England
coasts. The low pressure center then drifted ashore
over Rhode Island on 21 March. The slow movement
of the cyclone resulted in a 3-day period of steady
precipitation, with melted totals greater than 10 cm
over portions of Maryland and Pennsylvania.

• No redevelopment occurred in this case, at least during
the period studied.

• The cyclone was initially rather weak, as indicated by
the small pressure gradients surrounding the low cen-
ter off the Southeast coast on 19 March. It deepened
continuously through 0000 UTC 21 March, becoming
a rather intense storm on 20 March off the middle
Atlantic coast. The greatest deepening occurred be-
tween 0000 UTC 20 March and 0000 UTC 21 March,
when the central pressure fell from 997 to 976 hPa.

• The heaviest precipitation occurred from late on 19
March through early on 21 March, as the cyclone
underwent its greatest intensification. Strong north-
easterly winds developed from the middle Atlantic
coast to the southern New England coast during the
same period.

c. 850-hPa analyses

• A weak 850-hPa anticyclone was located over New
England just prior to the storm. Northwesterly flow
had prevailed over the northeastern United States on
17–18 March, but was confined to southeastern Can-
ada by 19 March.

• While the 850-hPa low center was located on the Al-
abama–Georgia border at 0000 UTC 19 March, the
remnants of a weakening short-wave trough nearing
the East Coast brought a separate region of relatively
low geopotential heights, large temperature gradients,
and 10 m s�1 southeasterly winds to the Carolina
coast. These features remained near the Carolina
coastline at 1200 UTC 19 March and were related to
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FIG. 10.3-1. Snowfall (in.) for 18–21 Mar 1958. See Fig. 10.1-1 for details.

the light precipitation occurring along the East Coast
during this period.

• By 0000 UTC 20 March, a well-defined and strength-
ening 850-hPa center was in evidence over north-
eastern North Carolina as the sea level cyclone was
beginning to intensify offshore. This center deepened
rapidly during the following 24 h as it moved to near
Long Island.

• The 850-hPa low developed along a preexisting band
of isotherms that extended from the Gulf of Mexico
to the North Carolina and Virginia coasts on 19 March.
The low center was located slightly to the warm side
of the 0�C isotherm through 1200 UTC 20 March,
then was located to the cold side while the cyclone
was occluding on 21 March. The 0�C isotherm roughly
coincided with the demarcation between heavy and
light snowfall amounts.

• Strong easterly winds developed north of the low cen-
ter prior to the period of rapid intensification, with
wind speeds greater than 25 m s�1 extending toward
the middle Atlantic coast by 0000 UTC 20 March with
some hint of cross-contour flow at this time.

• By 1200 UTC 20 March and 0000 UTC 21 March, a
distinct (low-level jet) LLJ is observed north of the
850-hPa low center with 35 m s�1 speeds over New
York City at 1200 UTC 20 March and 0000 UTC 21
March. The development of heavy precipitation at these
times suggests that the easterly LLJ increased the mois-
ture transport into the region of heavy precipitation.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during the same El Niño winter
and during the same continuous 4-month period of
negative North Atlantic Oscillation (NAO) values as
did the February 1958 storm. An examination of daily
values of the NAO also shows that the storm occurred
during a week-and-a-half period in which the negative
values were becoming even more negative. The pres-
ence of an upper ridge over Greenland at 500 hPa
during the development of the storm is consistent with
a negative NAO and the ridge appears to merge with
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FIG. 10.3-2. Twelve-hourly surface weather analyses for 0000 UTC 19 Mar–1200 UTC 21 Mar 1958. See Fig. 10.1-2 for details.
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FIG. 10.3-3. Twelve-hourly 850-hPa analyses for 0000 UTC 19 Mar–1200 UTC 21 Mar 1958. See Fig. 10.1-3 for details.
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FIG. 10.3-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 19 Mar–1200 UTC 21
Mar 1958. See Fig. 10.1-4 for details.
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FIG. 10.3-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 19 Mar–1200 UTC 21 Mar 1958.
See Fig. 10.1-5 for details.
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an amplifying ridge near Hudson Bay on 19 March,
with the main axis of the ridge appearing to move
toward the west as the southern trough undercuts the
area of high geopotential heights.

• The precyclogenetic environment was characterized
by a trough that bisected the central and eastern United
States, with a pronounced ridge over Hudson Bay and
a deep cyclonic vortex east of Labrador. The ridge
and vortex over eastern Canada moved little during
the 60-h study period, indicating that the flow regime
was generally blocked, consistent with the slow move-
ment of this storm.

• The surface anticyclone over northern Canada and its
associated high pressure ridge extending southeast-
ward into New England on 19–20 March were as-
sociated with the stationary 500-hPa anticyclone near
Hudson Bay and the 500-hPa cyclonic vortex over
extreme eastern Canada.

• A 500-hPa trough of small amplitude and short wave-
length weakened as it reached the East Coast. By 0000
UTC 19 March, this feature was nearly unidentifiable
in the height field, but was still associated with a weak
sea level cyclone off South Carolina and light pre-
cipitation along the East Coast.

• A broad trough with a weakly defined axis was lo-
cated over the central and eastern half of the United
States at 0000 UTC 19 March. During the following
48 h, this trough amplified slowly and evolved into
a large closed cyclonic circulation over the north-
eastern United States. The vortex first developed over
the upper Midwest at 1200 UTC 19 March, then re-
developed near the East Coast by 0000 UTC 21
March as the sea level cyclone deepened rapidly. The
vortex intensified considerably by 1200 UTC 21
March, as it became nearly vertical with the surface
system.

• As the broad trough amplified on 19–20 March, sev-
eral poorly defined, shorter-wavelength trough fea-
tures rotated about the 500-hPa low center located
over the upper Midwest. While these features were
difficult to distinguish in the geopotential height field,
they were revealed by the height tendencies (not
shown) and were associated with distinct cyclonic vor-
ticity maxima. Two of these short-wave features prop-
agated toward the East Coast during 1200 UTC 19
and 20 March before merging near Long Island at
0000 UTC 21 March. The rapid development of the
sea level cyclone near the East Coast on 20 March
occurred downwind of these propagating features, in
a region of cyclonic vorticity advection.

• Rapid sea level deepening commenced by 0000 UTC

20 March as a region of upper-level diffluence, which
had developed downwind of the trough axis, crossed
the coastline.

• The half-wavelength between the trough axis and the
downstream ridge decreased rapidly during the period
of most rapid cyclogenesis, especially between 1200
UTC 19 March and 1200 UTC 20 March.

• The upper-level wind field in this reanalysis remained
poorly defined through 0000 UTC 20 March, owing
perhaps to a lack of data near the core of the jets.
Nevertheless, a distinct polar jet is evident near the
base of the trough by 0000 UTC 20 March, which
then slowly propagates northeast along the East Coast
by 0000 UTC 21 March. The rapid surface cyclogen-
esis occurs within the exit region of this jet.

• A separate jet streak is evident in the confluent zone
just off the middle Atlantic coast at 1200 UTC 19
March and shifts northward with the confluent zone
during the remainder of the event, merging with a
separate confluent zone associated with a cutoff low
in eastern Canada. The entrance region of this jet re-
mains collocated with the expanding precipitation
shield between 1200 UTC 19 March and 0000 UTC
20 March.

e. 250-hPa geopotential height and wind analyses

• The evolution of the 250-hPa height field illustrates
a gradual reinforcement of a blocked pattern over
North America. This occurred as the trough over the
central United States slowly deepened between 0000
UTC 19 March and 1200 UTC 21 March as a ridge
remained over southern Canada and the downstream
trough slowly moved eastward and deepened during
the same period. This evolution is consistent with the
slow movement of the surface cyclone along the East
Coast on 20–21 March.

• A subtropical jet, whose axis crossed Florida, ap-
peared to either weaken or move off the coast when
maximum wind speeds dropped from 70 to 50 m s�1

between 0000 UTC 19 March and 0000 UTC 20
March. Meanwhile, a polar jet streak across the middle
Atlantic states contained maximum wind speeds of 50
m s�1 near 300 hPa.

• A polar jet streak extending along the middle Atlantic
states slowly intensified even up to the 250-hPa level
on 20–21 March, with maximum wind speeds ex-
ceeding 50 m s�1 coincident with the period of max-
imum surface cyclogenesis.
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The Supreme Court, Washington D.C., on 4 Mar 1960 (photo courtesy of Kevin Ambrose, Blizzards and Snowstorms of
Washington, D.C., Historical Enterprises, 1993).

Coauthor Louis Uccellini near his home in Bethpage,
Long Island, New York, after the Mar 1960 storm.
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TABLE 10.4-1. Snowfall amounts for urban and selected locations
for 2–5 Mar 1960; see Table 10.1-1 for details.

NESIS � 7.63 (category 4)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

7.9 in. (20 cm)
10.4 in. (26 cm)

8.4 in. (21 cm)
15.5 in. (39 cm)
19.8 in. (50 cm)

Other selected snowfall amounts
Nantucket, MA
Milton, MA–Blue Hill Observatory
Worcester, MA
Scranton, PA
Providence, RI

31.3 in. (79 cm)
30.3 in. (77 cm)
22.1 in. (56 cm)
18.0 in. (46 cm)
17.7 in. (45 cm)

Roanoke, VA
Allentown, PA
Hartford, CT
Pittsburgh, PA

17.4 in. (44 cm)
14.4 in. (37 cm)
13.0 in. (33 cm)
12.8 in. (33 cm)

4. 2–5 March 1960

a. General remarks

• This widespread late winter storm was especially
fierce in eastern New England. Severe blizzard con-
ditions occurred in eastern Massachusetts, as snow
accumulations exceeded 20–30 in. (50–75 cm) and
near-hurricane force winds battered the coast.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): eastern West Virginia,
northern and western Virginia, much of Pennsylvania,
parts of Maryland and Delaware, southeastern and
western New York, Connecticut, Rhode Island, Mas-
sachusetts, southern Vermont, New Hampshire, and
Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): eastern Massachusetts,
Rhode Island, and scattered areas of northern New
Jersey, southeastern New York, Connecticut, and New
Hampshire.

b. Surface analyses

• A large, cold anticyclone preceded the storm. The axis
of highest sea level pressure extended from the Great
Lakes states to the middle and south Atlantic coasts
on 2–3 March. A pronounced inverted high pressure
ridge along the south Atlantic coast indicated cold-air
damming, especially on 2 March. Coastal frontogen-
esis occurred off the Southeast coast on 2 March, prior
to the development of a secondary sea level cyclone.

• The primary low pressure center moved from the Gulf
coast to the Ohio Valley on 2–3 March. Moderate to
heavy precipitation fell across the Tennessee and Ohio
Valleys in association with this system. The low deep-
ened 8 hPa in the 12 h ending at 0000 UTC 3 March,
prior to the development of the secondary low, then
deepened slowly and erratically before finally dissi-
pating during 3 March. The primary low was evident
for 15 h after the onset of secondary cyclogenesis.

• The secondary low pressure center formed near the
South Carolina coast between 0000 and 0600 UTC 3
March. The development occurred along a pro-
nounced coastal front off the Southeast coast, as cold
air wedged as far south as northern Florida.

• The secondary low center deepened 45 hPa in the 30-h
period from 0600 UTC 3 March to 1200 UTC 4
March, with the central pressure falling to 960 hPa
off New England. Heavy snowfall and high winds
were widespread across the middle Atlantic states and
southern New England during this phase of rapid de-
velopment.

• The movement of the storm center from the Carolinas
to off the New Jersey coast on 3 March was quite
rapid, averaging greater than 20 m s�1. It subsequently
slowed to less than 10 m s�1 off the New England

coast on 4 March, as the lowest pressure was reached.
The deceleration of the cyclone near New England
was attended by strong northeasterly flow, prolonging
the snowfall and enhancing accumulations across
southeastern New England.

c. 850-hPa analyses

• Northwesterly flow maintained 850-hPa temperatures
of less than �10�C north of Virginia through 1200
UTC 2 March.

• The 850-hPa low center propagated east-northeast-
ward from the southern plains states to the East Coast
on 2–4 March. Its deepening rate increased from �60 m
(12 h)�1 in the 12-h period ending at 0000 UTC 3
March to �90 m (12 h)�1 by both 1200 UTC 3 March
and 0000 UTC 4 March, and to �150 m (12 h)�1 by
1200 UTC 4 March. The increase in the 850-hPa deep-
ening rate coincided with the rapid intensification of
the secondary surface low after 0000 UTC 3 March.

• The elongation of the 850-hPa low at 1200 UTC 3
March depicts two centers, with the southeast exten-
sion over Virginia reflecting the rapid development of
the secondary surface low.

• A concentrated isotherm ribbon moved from the
southern United States on 2 March northward to the
middle Atlantic states by 3 March. The thermal gra-
dient intensified by 1200 UTC 3 March, as the sec-
ondary surface low developed. The 0�C isotherm was
generally collocated with the 850-hPa low center at
0000 and 1200 UTC 3 March.

• Strong cold and warm-air advection accompanied the
850-hPa low center at 0000 UTC 3 March, producing
an S-shaped isotherm pattern over the eastern United
States. The development of this pattern coincided with
the onset of rapid deepening of both the 850-hPa and
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FIG. 10.4-1. Snowfall (in.) for 2–5 Mar 1960. See Fig. 10.1-1 for details.

surface lows. The 850-hPa low was located just west
of the apex of the thermal ridge.

• By 0000 UTC 3 March, a southerly LLJ was observed
extending from the Louisiana Gulf coast toward Al-
abama, Georgia, and South Carolina, with wind speeds
exceeding 30 m s�1, prior to rapid secondary devel-
opment. The jet was associated with strong warm-air
advection across the southeastern United States with
moderate to heavy precipitation extending from Ten-
nessee to southwestern Virginia, immediately down-
wind of this jet (see corresponding surface charts).

• Wind speeds in the core of the LLJ continued to in-
crease to a magnitude greater than 30 m s�1 off the
North Carolina coast by 1200 UTC 3 March with a
noticeable cross-contour ageostrophic component co-
incident with the period of rapid secondary cyclo-
genesis off the East Coast.

• Heavy snow developed along the middle Atlantic coast
by 1200 UTC 3 March as the secondary low formed,
local geopotential height falls intensified, the temper-

ature gradient increased, and a low-level east-to-south-
easterly jet formed north of the 850-hPa low center.

• To the north of the 850-hPa low, an easterly LLJ with
speeds exceeding 25 m s�1 enhanced moisture trans-
ports from New Jersey to southern New England by
0000 UTC 4 March. Winds within the now northeast-
erly LLJ increased to greater than 35 m s�1 across
eastern New England by 1200 UTC 4 March, coincid-
ing with heavy snowfall.

• The enhanced temperature gradient combined with in-
creasing low-level winds to intensify the warm-air ad-
vection and moisture transport into the developing pre-
cipitation area covering the middle Atlantic states.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This major snowstorm developed during a very
stormy and snowy March for the middle Atlantic states
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FIG. 10.4-2. Twelve-hourly surface weather analyses for 0000 UTC 2 Mar–1200 UTC 4 Mar 1960. See Fig. 10.1-2 for details.
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FIG. 10.4-3. Twelve-hourly 850-hPa analyses for 0000 UTC 2 Mar–1200 UTC 4 Mar 1960. See Fig. 10.1-3 for details.
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FIG. 10.4-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 2 Mar–1200 UTC 4 Mar
1960. See Fig. 10.1-4 for details.
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FIG. 10.4-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 2 Mar–1200 UTC 4 Mar 1960.
See Fig. 10.1-5 for details.
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and New England. However, it appears to occur during
a winter in which ENSO (El Niño and La Niña) had
little influence (Fig. 2–19, Volume I). However, the
storm did occur during a winter in which a nearly
persistent negative NAO was in place from the first
week of January through the beginning of April. Im-
mediately prior to the storm’s development, daily val-
ues of the NAO were clearly negative, but trending
toward less negative. As the storm was developing on
2–5 March, daily values decreased. The 500-hPa sig-
nal for the presence of a negative NAO may be the
cutoff ridge observed over extreme northern Quebec
and southern Greenland and the blocking pattern ev-
ident across all of eastern Canada.

• Strong geopotential height gradients and westerly flow
dominated the precyclogenetic period across the United
States prior to 2 March. Weak geopotential height gra-
dients and large, nearly stationary vortices were ob-
served over Canada, including a closed anticyclonic
circulation between Quebec and Greenland, and cy-
clonic circulations over central and southeastern Can-
ada.

• A 500-hPa trough exiting southeastern Canada on 2
March produced a significant confluent flow regime
across the northeastern United States. This pattern was
associated with strong northwesterly flow and cold-
air advection at low levels.

• The 500-hPa trough associated with the sea level cy-
clone extended from the United States–Canada border
into Mexico at 0000 UTC 2 March, then propagated
to the east coast by the end of 3 March. A closed 500-
hPa center formed during rapid cyclogenesis late on
3 March. It then deepened rapidly on 4 March, as the
surface low moved slowly off the New England coast.

• The trough axis became oriented from northwest to
southeast (a negative tilt) during 2 March, as the pri-
mary cyclone deepened. The geopotential height gra-
dient at the base of the trough increased as the sec-
ondary low pressure center developed and intensified
along the East Coast on 3–4 March. This secondary
cyclogenesis occurred beneath a pronounced difflu-
ence region downwind of the 500-hPa trough.

• The cyclone and heavy snowfall developed downwind
of a propagating and intensifying cyclonic vorticity
maximum, in the region of strong vorticity advection.

• Although the surface cyclonic development was ex-
plosive in this case, changes in the amplitude of the
500-hPa trough and downstream ridge were relatively
small. There was some increase in amplitude of the
trough and downstream ridge over the northern United
States during secondary cyclogenesis on 3 March. Lit-
tle increase in the amplitude of the trough and up-
stream ridge was observed prior to cyclogenesis.

• Although changes in amplitude were small, decreases
in the half-wavelength between the trough and down-
stream ridge were substantial. They appeared to occur
by 1200 UTC 2 March, during primary cyclogenesis,

and by 0000 UTC 4 March, during secondary cyclo-
genesis, an apparent consequence of the ‘‘self-devel-
opment’’ processes described earlier in volume I.

• This case is marked by a distinct dual-jet-streak pat-
tern, with one jet extending from the Great Lakes
eastward off the Atlantic coast between 2 and 3 March
in the confluent height field noted earlier and the other
more southerly jet streak associated with the distinct
trough that contributed to the East Coast cyclogenesis
after 0000 UTC 3 March.

• Wind speeds exceeding 60 m s�1 were analyzed within
the confluent region upstream of the trough axis over
southeastern Canada through 0000 UTC 3 March. The
confluent entrance region of this polar jet was located
above the cold high pressure ridge that became en-
trenched over the northern United States by 0000 UTC
3 March. The anticyclonic side of the entrance region
of this jet also coincided with the expanding region
of precipitation along the East Coast.

• Wind speeds associated with the second noticeable jet
streak near the base of the trough increased to over
70 m s�1 by 0000 UTC 4 March, as secondary cy-
clogenesis commenced near the Carolina coast and
then moved northeastward. The secondary cyclogen-
esis occurred along the East Coast in the diffluent exit
region of this intensifying upper-level jet streak lo-
cated over the southeastern United States on 3 March,
as the trough also maintained a slightly negative tilt.
The ageostrophic LLJ at 850 hPa (located earlier) in-
tensifying along the Carolina coast at 1200 UTC 3
March also occurs within the diffluent exit region of
this jet streak system.

e. 250-hPa geopotential height and wind analyses

• The 250-hPa level is marked by a distinct westerly
flow regime across the entire country with a trough
propagating from the southwestern United States at
0000 UTC 2 March with little amplification.

• A subtropical jet (STJ) is apparent at 0000 and 1200
UTC 2 March extending from Texas to the East Coast.
This STJ appears to remain on the east side of the
trough axis during the event.

• A separate wind maximum developed over the Ohio
Valley (within the downstream ridge) by 1200 UTC
2 March and amplified to greater than 80 m s�1 by
0000 UTC 3 March. This wind maximum develops
as the confluent zone is enhanced in the entrance re-
gion of the 400-hPa polar jet and as precipitation
spread northward into the Ohio Valley with an in-
verted surface trough in Tennessee on 2 March. The
expanding vertical extent of the polar jet increased the
along-stream wind variation in the entrance region of
this jet and is consistent with an enhanced pattern of
ascent associated with the heavy snowfall that devel-
oped north of the inverted trough.
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Park Avenue and 37th Street, New York City, 12 Dec 1960 (photo reprinted courtesy of the New York Times).
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TABLE 10.5-1. Snowfall amounts for urban and selected locations
for 10–13 Dec 1960; see Table 10.1-1 for details.

NESIS � 4.47 (category 3)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–The Battery
Boston, MA

8.5 in. (22 cm)
14.1 in. (36 cm)
14.6 in. (37 cm)
17.0 in. (44 cm)
13.0 in. (33 cm)

Other selected snowfall amounts
Newark, NJ
Trenton, NJ
Portland, ME
Hartford, CT
Providence, RI

20.4 in. (52 cm)
16.6 in. (42 cm)
14.9 in. (38 cm)
13.4 in. (34 cm)
11.2 in. (28 cm)

5. 10–13 December 1960

a. General remarks

• This early season storm was the first of three big
snowstorms during the 1960/61 winter season. It was
accompanied by wind gusts of up to 42 m s�1 at
Block Island, Rhode Island, and 38 m s�1 at Nan-
tucket, Massachusetts. Temperatures falling below
�7�C and high winds created blizzard conditions
across the region from of the middle Atlantic to New
England.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): West Virginia panhandle,
extreme northern Virginia, Maryland (except for the
lower eastern shore), parts of Delaware, southern
and eastern Pennsylvania, New Jersey, southeastern
New York, Connecticut, Rhode Island, Massachu-
setts (except the extreme west), extreme southeast-
ern Vermont, southern New Hampshire, and coastal
Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): scattered locations in north-
ern New Jersey and eastern Massachusetts.

b. Surface analyses

• An Arctic front passed through the northeastern states
on 10–11 December and was followed by much colder
weather as rising sea level pressures extended east-
ward into New England from an anticyclone north of
Minnesota (1035 hPa). Surface temperatures remained
in the high 10s and low 20s (�F; �8� to �5�C) in
New Jersey, New York, and New England on 11 De-
cember.

• As the surface high pressure system extended east-
ward into New England, the inverted sea level pres-
sure ridge along the East Coast on 11 December in-
dicates that cold-air damming was occurring imme-
diately prior to the formation of a coastal front and
secondary cyclogenesis late on 11 December.

• The primary low developed in the western Gulf of
Mexico by 1200 UTC 10 December. It propagated
northward to Oklahoma, then eastward across Ken-
tucky to West Virginia by 0000 UTC 12 December.
The low center deepened slowly from 1012 to 1002
hPa during this period. This system was associated
with light to moderate precipitation amounts, with
snow accumulations of generally less than 12 cm
across the plains states, Midwest, and Ohio Valley
states. The primary low was observed for only 6 h
after the onset of secondary cyclogenesis at 1800 UTC
11 December.

• The secondary low formed over South Carolina along
a rapidly evolving coastal front. The low moved off
the Atlantic coast after passing near Cape Hatteras,
North Carolina, at 0000 UTC 12 December, advancing

northeastward at approximately 16 m s�1. The central
sea level pressure dropped 27 hPa during this one 12-
h period and reached a minimum of 966 hPa by 0000
UTC 13 December. Heavy snow fell from Virginia to
New England as the secondary cyclone propagated
from eastern North Carolina to a position south of
Nantucket, Massachusetts, between 0000 and 1200
UTC 12 December.

• Sea level pressure gradients north of the low center
intensified rapidly as the cyclone deepened on 12 De-
cember. Strong north-northeasterly winds were re-
ported along the coastline, contributing to the blizzard
conditions observed with this storm.

• Extreme cold followed the storm, with surface tem-
peratures across the eastern United States remaining
10�C below seasonal levels for the following few days.

c. 850-hPa analyses

• Strong lower-tropospheric cold advection was ob-
served across the northeastern United States through
1200 UTC 11 December in association with rising sea
level pressures beneath a region of pronounced upper-
level confluence.

• The 850-hPa low center intensified and its circulation
expanded on 10 December, as the primary surface low
deepened over Oklahoma. The 850-hPa low strength-
ened slowly during 11 December as it tracked from
Oklahoma to West Virginia. It then either redeveloped
along the coast and deepened explosively by 1200
UTC 12 December, which is coincident with the ex-
plosive development phase of secondary sea level cy-
clogenesis.

• Prior to 0000 UTC 12 December, the largest low-level
temperature gradients were concentrated in the cold
air over the northeastern United States, while the ther-
mal gradient across the southeastern United States re-
mained fairly weak. The temperature gradient south
of the 0�C isotherm increased during 11 December as
warm advection, and a southerly 20–25 m s�1 low-
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FIG. 10.5-1. Snowfall (in.) for 10–13 Dec 1960. See Fig. 10.1-1 for details.

level jet (LLJ), formed over the southeastern United
States. The 0�C isotherm remained nearly stationary
across West Virginia and Virginia prior to and during
secondary cyclogenesis over North Carolina, despite
significant warm-air advection between 1200 UTC 11
December and 0000 UTC 12 December.

• Very cold air plunged southward from central Canada
as two upper-level troughs merged during 12 Decem-
ber.

• An S-shaped isotherm pattern became established
along the East Coast by 0000 UTC 12 December as
secondary cyclogenesis commenced. The S-shaped
signature developed as strong warming occurred along
the southeast coast, while temperatures remained rel-
atively constant in the northeastern United States.

• Strong south-to-southwesterly low-level winds devel-
oped across the southeastern United States beneath
the diffluent exit region of the upper-level jet system
crossing the Gulf states on 11 December. The high

wind speeds enhanced the moisture transport into the
precipitation area, which expanded over the eastern
United States by 0000 UTC 12 December.

• Strong southeasterly winds were observed at 0000
UTC 12 December in advance of the 850-hPa low
center marking a distinct LLJ just east of the devel-
oping 850-hPa circulation, with wind speeds exceed-
ing 40 m s�1 by 1200 UTC 12 December.

• Noticeable cross-contour flow at the 850-hPa level
marked the rapid increase in wind speeds in the core
of the LLJ at 0000 and 1200 UTC 12 December. The
cross-contour flow coincided with the rapid surface
cyclogenesis and heavy snowfall expanding north-
eastward along the East Coast between 0000 and 1200
UTC 12 December.

• Large easterly wind components were found north of
the 850-hPa center from 0000 UTC 11 December
through 1200 UTC 12 December, and were associated
with moderate to heavy precipitation at each map time.
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FIG. 10.5-2. Twelve-hourly surface weather analyses for 1200 UTC 10 Dec–0000 UTC 13 Dec 1960. See Fig. 10.1-2 for details.
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FIG. 10.5-3. Twelve-hourly 850-hPa analyses for 1200 UTC 10 Dec–0000 UTC 13 Dec 1960. See Fig. 10.1-3 for details.
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FIG. 10.5-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 10 Dec–0000 UTC 13
Dec 1960. See Fig. 10.1-4 for details.
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FIG. 10.5-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 10 Dec�0000 UTC 13 Dec 1960.
See Fig. 10.1-5 for details.
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d. 500-hPa geopotential height and 400-hPa wind
analyses

• This early season snowstorm developed at the end of
a very weak La Niña that lasted no longer than four
months. It also developed during a winter in which
the North Atlantic Oscillation (NAO) also does not
exhibit a strong signal, except during December, when
it is clearly positive. This storm developed during one
such positive NAO period that began on 1 December
and then became slightly negative for about a week
following the storm. The 500-hPa analyses show that
the Northeast storm developed during a period in
which a deep upper low was found over southern
Greenland, which is not a characteristic of a negative
NAO.

• An intense vortex was evident over eastern Canada
prior to and during the early stages of East Coast
cyclogenesis. Cyclonic flow extended from central
Canada across the northeastern United States on 10
and 11 December. The strong cyclonic flow combined
with a ridge near the southeast coast to produce pro-
nounced confluence over the eastern United States be-
tween 1200 UTC 10 December and 1200 UTC 11
December. Very cold air and high pressure at the sur-
face extended across the northeastern United States
beneath this confluence zone.

• A high-amplitude ridge was located over the western
United States and Canada, upstream of the closed 500-
hPa trough in the southwestern United States that was
associated with the primary surface low pressure cen-
ter.

• The evolution of the sea level cyclone appears to have
been linked to the propagation of the southwestern
trough as it moved to the east on 12 December. As
the cyclone neared the East Coast, however, it also
interacted with a separate trough that propagated
southeastward from Canada. This trough propagated
southeastward from extreme western Canada at 1200
UTC 10 December to Minnesota and Wisconsin at
0000 UTC 12 December.

• The southwestern 500-hPa trough was characterized
by closed contours through 1200 UTC 11 December,
but ‘‘opened up’’ as it neared the East Coast, became
negatively tilted by 1200 UTC 12 December, and ap-
peared to merge with another trough propagating
southward from central Canada. This apparent inter-
action occurred as the secondary cyclone deepened
rapidly along the East Coast.

• These troughs were marked by distinct cyclonic vor-
ticity maxima. Secondary cyclogenesis and the de-
velopment of heavy snowfall along the East Coast
were heavily influenced by the cyclonic vorticity ad-
vections associated with these several features, but the
vorticity maximum associated with the trough that
originated over the southwestern United States ap-
pears to have exerted the most important direct influ-
ence.

• The merged troughs formed a deep closed-contour low
center over the northeastern United States by 0000
UTC 13 December.

• Amplitude changes were difficult to assess due to the
transformations from vortex to open trough to vortex,
but the Canadian trough that propagated southward
and the downstream ridge amplified sharply after 0000
UTC 12 December, as rapid cyclogenesis continued
off the Atlantic coast.

• The half-wavelength between the southwestern 500-
hPa closed low and the downstream ridge decreased
prior to primary cyclogenesis between 1200 UTC 10
December and 0000 UTC 11 December. It also ap-
peared to decrease during the rapid secondary cyclo-
genesis on 12 December.

• By 1200 UTC 11 December, two distinct and laterally
coupled jet streaks are clearly evident: one in the con-
fluent zone over New England and the other associated
with the southwestern trough moving toward the East
Coast.

• Intense polar jet streaks located off the northeast coast
increased to greater than 70 m s�1 by 0000 UTC 12
December in association with highly confluent flow
above the cold sea level high pressure ridge that ex-
tended across this region. The entrance region of the
polar jet coincided with the expanding precipitation
area as the secondary cyclone formed and began to
deepen rapidly along the East Coast.

• The jet streak south of the initially closed trough over
the southwestern United States was marked by in-
creasing wind speeds, with a maximum wind in this
jet increasing to greater than 50 m s�1 at the 400-hPa
level by 1200 UTC 11 December. The increases in
wind speed and areal coverage occurred as the primary
low and heavy precipitation developed in the southern
United States.

• By 0000 UTC 12 December, the coupled jet streak
pattern is clearly observed along the East Coast, with
the rapidly developing surface cyclone and ageos-
trophic LLJ found beneath the exit region of the south-
ern jet and the expanding area of heavy precipitation
found in the right entrance region of the northern jet
streak. This laterally coupled jet streak pattern per-
sisted through 0000 UTC 13 December as the storm
moved northeastward off the Maine Coast.

e. 250-hPa geopotential height and wind analyses

• The 250-hPa height analyses reflect the broad trough
over eastern Canada and the slow-moving trough over
the southwestern United States on 1200 UTC 10 De-
cember. These two troughs evolved and merged to-
gether by 0000 UTC 12 December as the cyclone
rapidly developed off the East Coast between 0000
and 1200 UTC 12 December, in a manner similarly
described for the 500-hPa level.

• The dual-jet- streak pattern is clearly evident from
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0000 UTC 11 December to 1200 UTC 12 December.
The northern jet streak represents the upper-level ex-
tension of the polar jet in the confluent region over
New England and increased to greater than 70 m s�1.
The southern jet had subtropical characteristics, re-
maining located in the southeast United States, and
increased to nearly 80 m s�1 by 1200 UTC 12 De-

cember over Alabama as the storm moved northeast-
ward.

• The rapid surface cyclogenesis and heavy snow oc-
curred in the left exit region of the southern jet streak
and right entrance region of the northern jet steak,
most noticeably for a 24-h period between 1200 UTC
11 December and 1200 UTC 12 December.
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President-elect and Mrs. John F. Kennedy on the way to the Inaugural Gala, 19 Jan 1961
(photo courtesy of the John F. Kennedy Library and Museum, and AP/Wide World Photos).
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TABLE 10.6-1. Snowfall amounts for urban and selected locations
for 19–20 Jan 1961; see Table 10.1-1 for details.

NESIS � 3.47 (category 2)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

7.7 in. (20 cm)
8.4 in. (21 cm)

13.2 in. (34 cm)
9.9 in. (25 cm)

12.3 in. (31 cm)

Other selected snowfall amounts
Harrisburg, PA
Worcester, MA
Nantucket, MA
Hartford, CT
Newark, NJ

18.7 in. (47 cm)
18.7 in. (47 cm)
16.0 in. (41 cm)
14.2 in. (36 cm)
13.7 in. (35 cm)

6. 19–20 January 1961

a. General remarks

• The ‘‘Kennedy Inaugural Snowstorm’’ occurred on
the eve of John F. Kennedy’s presidential inauguration
in Washington, D.C., and was the second of three
major East Coast winter storms during the 1960/61
season. The area of heaviest snowfall was similar in
location to that of the December 1960 storm. Blizzard
or near-blizzard conditions developed across the
northeastern United States as the cyclone deepened
rapidly offshore.

• The following regions had snow accumulations ex-
ceeding 10 in. (25 cm): northern Maryland and Del-
aware, parts of West Virginia and Virginia, south-
eastern Pennsylvania, New Jersey, southeastern New
York, Connecticut, Rhode Island, Massachusetts (ex-
cept for the northwest corner), and southern sections
of New Hampshire and Maine.

• The following regions had snow accumulations ex-
ceeding 20 in. (50 cm): scattered parts of eastern Penn-
sylvania, northern New Jersey, southeastern New
York, northwestern Connecticut, northeastern Mas-
sachusetts, and southern New Hampshire.

b. Surface analyses

• A front ushered in cold air for the heavy snow event
across New England and the middle Atlantic states on
18 January. This cold air was associated with high
pressure north of the Great Lakes.

• There was no evidence of cold-air damming from New
England into the middle Atlantic states immediately
prior to cyclogenesis on 19 January. No inverted sea
level pressure ridge was observed, and surface tem-
peratures did not show the characteristic wedge of cold
air along the eastern slopes of the Appalachians.

• The surface low appeared to follow a relatively
straight path, even across the Appalachian range, as
it moved toward the Atlantic coast on 19 January.
Although no separate secondary cyclone was ob-
served, the surface low did have a tendency to ‘‘jump’’
or reform slightly farther to the east as it crossed the
Appalachian Mountains.

• The cyclone propagated rapidly, covering approxi-
mately 700–800 km every 12 h. The forward move-
ment of the storm may have slowed slightly near the
New England coast.

• There was no evidence of coastal frontogenesis, which
could be related, in part, to both the lack of cold-air
damming and the speed with which this system de-
veloped and moved across the East Coast.

• The cyclone deepened rapidly from 1200 UTC 19
January through 0000 UTC 21 January. During this
time, the central pressure fell 43 hPa over one 24-h
period. The lowest sea level pressure was analyzed at

964 hPa east of New England late on 20 January. The
intensification late on 19 January and early on 20
January was accompanied by a large increase in the
pressure gradients surrounding the cyclone center and
an increase in wind speeds along the coast.

• The rapid intensification of the surface low center co-
incided with an expansion of the precipitation shield
on 19 January. Virtually no precipitation was occur-
ring at 0000 UTC 19 January, with light snow break-
ing out across the Ohio Valley by 1200 UTC 19 Jan-
uary. Precipitation rates increased dramatically over
the following 12–24 h from the middle Atlantic states
northeastward into New England.

• Cold air was reinforced following the storm as a cold
anticyclone plunged south-southeastward into the
plains states late on 20 January, a pattern that was
repeated numerous times in the following 2 weeks.

c. 850-hPa analyses

• Northwesterly flow and cold advection were estab-
lished over the northeastern United States between
1200 UTC 18 January and 1200 UTC 19 January,
beneath a region of upper-level confluence. The 0�C
isotherm remained virtually stationary near the Vir-
ginia–North Carolina border through 19 January.

• The 850-hPa low commenced deepening between
0000 and 1200 UTC 19 January [�90 m (12 h)�1]
over the Ohio Valley. It intensified most rapidly be-
tween 0000 and 1200 UTC 20 January [�180 m (12
h)�1], at the same time that the surface low deepened
by 24 hPa along the East Coast.

• The initial development of the 850-hPa low over the
central plains states on 18 January was characterized
by strong cold-air advection west of the center. A
northerly 25 m s�1 low-level jet (LLJ) was located
beneath the entrance region of an upper-level jet
across the southern plains states (see upper-level wind
analyses) by 1200 UTC 19 January. East of the 850-
hPa low, only weak southwesterly flow and slight
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FIG. 10.6-1. Snowfall (in.) for 18–20 Jan 1961. See Fig. 10.1-1 for details.

warm-air advection were evident prior to 1200 UTC
19 January, when little precipitation was reported.

• Increasing warm-air advection east of the deepening
850-hPa low at 1200 UTC 19 January and 0000 UTC
20 January was associated with the widespread out-
break of precipitation. The strong cold-air advection
behind the low combined with the developing warm-
air advection ahead of it to produce an S-shaped iso-
therm pattern along the East Coast by 0000 UTC 20
January. This coincided with the start of the cyclone’s
explosive deepening stage. Temperature gradients
were concentrated around the 850-hPa low at this
time, with the 0�C isotherm nearly collocated with the
low center.

• An easterly to southeasterly wind component devel-
oped to the north and northeast of the 850-hPa center
after 1200 UTC 19 January as the 850-hPa and surface
lows began to deepen. By 1200 UTC 20 January, wind
speeds had increased by more than 15 m s�1 north of
the low center to nearly 30 m s�1, directed toward the

expanding area of precipitation, probably contributing
to the intensification of snowfall rates during this
phase of the storm’s development.

• A southerly LLJ with maximum winds exceeding 30
m s�1 developed along the East Coast by 0000 UTC
20 January. The wind speeds east and north of the
intensifying low-level circulation increased dramati-
cally thereafter, with 40 m s�1 wind speeds analyzed
northeast of the storm center by 0000 UTC 21 January.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• January 1961 is characterized by a neutral El Niño–
Southern Oscillation (ENSO) pattern, indicating that
neither El Niño or La Niña had any effect during this
period. Like the preceding storm the prior month, the
NAO is characterized by daily values fluctuating
slightly above and below zero, also indicating a weak
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FIG. 10.6-2. Twelve-hourly surface weather analyses for 1200 UTC 18 Jan–0000 UTC 21 Jan 1961. See Fig. 10.1-2 for details.
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FIG. 10.6-3. Twelve-hourly 850-hPa analyses for 1200 UTC 18 Jan–0000 UTC 21 Jan 1961. See Fig. 10.1-3 for details.
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FIG. 10.6-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 18 Jan–0000 UTC 21 Jan
1961. See Fig. 10.1-4 for details.
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FIG. 10.6-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 18 Jan–0000 UTC 21 Jan 1961.
See Fig. 10.1-5 for details.
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NAO signal as well. However, daily values of NAO
are slightly negative during the evolution of this storm
and remain so for a few days following the storm.

• The precyclogenetic period featured a high-amplitude
ridge anchored over the west coast of North America.
The trough that was associated with the cyclone was
located downstream of this ridge, embedded in a belt
of enhanced geopotential height gradients extending
from central Canada across the northern United States
north of a ridge over the Gulf of Mexico.

• A slow-moving trough in eastern Canada was asso-
ciated with a confluent geopotential height pattern
across the Great Lakes and New England during 19
January. This upper-level confluent flow pattern was
located above the surface anticyclone north of the
Great Lakes that was supplying cold air to the north-
eastern United States.

• The 500-hPa trough associated with the cyclone de-
veloped over the central United States and propagated
eastward on 19 and 20 January and evolved into a
negatively tilted trough and deep closed center by
0000 UTC 21 January, as the surface low intensified
rapidly off the New England coast. The rapid devel-
opment of the cyclone and precipitation shield oc-
curred to the east of an amplifying cyclonic vorticity
center, in the region of strong vorticity advection. This
feature propagated from the Rocky Mountain states
to Oklahoma, then up the Tennessee Valley, and finally
off the middle Atlantic coast on 18–20 January. The
geopotential height gradient at the base of the trough
increased at 0000 UTC 20 January, concurrent with
the onset of sea level development.

• As this system approached the East Coast, diffluence
increased and the trough axis assumed a northwest–
southeast orientation (a negative tilt) by 1200 UTC
20 January. The sea level cyclone was deepening rap-
idly off southeastern New England at this time.

• The amplitude of the trough over the central United
States and the ridge upstream along the West Coast
increased dramatically in the 24-h period ending at
1200 UTC 19 January, as the surface low moved from
Kansas to Tennessee. The amplitude increased slowly
thereafter. The increase of amplitude was associated
with the development of an upper-level anticyclone
along the West Coast.

• As the surface low began to deepen on its trek from
Tennessee to the Atlantic Ocean between 1200 UTC
19 January and 1200 UTC 20 January, the 500-hPa
geopotential heights east of the cyclone rose signifi-
cantly. The rising heights produced a well-defined
ridge extending into New England by 1200 UTC 20
January. The increase in the amplitude of the trough
and this downstream ridge occurred during the period
when the surface low intensified rapidly.

• The half-wavelength between the trough and its down-
stream ridge over the eastern United States decreased
after 0000 UTC 19 January, especially during the pe-
riod of rapid cyclogenesis on 20 January.

• A distinct dual-jet pattern developed between 0000
UTC 19 January and 0000 UTC 20 January. The de-
velopment of the dual pattern coincided with the rapid
surface cyclogenesis and heavy snow occurring in the
left-exit region of the southern jet and the right-en-
trance region of the northern jet, especially between
0000 and 1200 UTC 20 January.

• Prior to cyclogenesis, confluent flow and a polar jet
streak extended from the Great Lakes across New Jer-
sey and offshore between 1200 UTC 18 January and
1200 UTC 19 January, with the wind maximum in-
creasing to greater than 60 m s�1 just east of New
England by 1200 UTC 19 January. A cold surface
high pressure ridge built from the Great Lakes region
into New England during this period.

• The southern jet streak became more evident near the
base of the deepening trough between 0000 and 1200
UTC 19 January, and extended eastward and increased
in magnitude to greater than 60 m s�1 over the south-
east United States by 0000 UTC 20 January.

• The 850-hPa LLJ, a rapidly expanding area of heavy
snowfall, and rapid surface cyclogenesis all occurred
within the well-defined diffluent exit region of this jet
streak and the right-entrance region of the northern
jet streak with a lateral coupling focused along the
middle Atlantic coastline by 0000 UTC 20 January.

• Wind speeds at 400 hPa increased to greater than 60–
70 m s�1 along the broad southern end of the large-
scale trough that existed over the eastern two-thirds
of the country by 0000 UTC 21 January.

e. 250-hPa geopotential height and wind analyses

• The broad West Coast ridge and developing trough in
the central United States, with confluent flow over the
northeast, are clearly evident during the precycloge-
netic period between 1200 UTC 18 January and 1200
UTC 19 January.

• The dual-jet-streak pattern slowly evolved at this level
by 0000 UTC 20 January, with the most notable fea-
ture being the enhancement of the southern jet, with
subtropical characteristics between 0000 UTC 20 Jan-
uary and 0000 UTC 21 January. As the storm system
moved northeastward and the large-scale trough am-
plified, covering the eastern two-thirds of the United
States, maximum winds within the subtropical jet in-
creased to greater than 90 m s�1.
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Snowbound cars on the Belt Parkway in Brooklyn, 5 Feb 1961 (photo courtesy of Kevin Ambrose, Great Blizzards of
New York City, Historical Enterprises, 1994).
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TABLE 10.7-1. Snowfall amounts for urban and selected locations
for 2–5 Feb 1961; see Table 10.1-1 for details.

NESIS � 6.24 (category 4)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Kennedy Airport
New York, NY–La Guardia Airport
Boston, MA

8.3 in. (21 cm)
10.7 in. (27 cm)
10.3 in. (26 cm)
24.0 in. (61 cm)
19.0 in. (48 cm)
14.4 in. (37 cm)

Other selected snowfall amounts
Cortland, NY
Newark, NJ
Worcester, MA
Providence, RI
Allentown, PA
Nantucket, MA
New Haven, CT

40.0 in. (102 cm)
22.6 in. (57 cm)
18.8 in. (46 cm)
18.3 in. (45 cm)
17.3 in. (44 cm)
14.4 in. (37 cm)
14.0 in. (36 cm)

7. 2–5 February 1961

a. General remarks

• The third major snowstorm of the 1960/61 winter sea-
son occurred at the end of a prolonged cold spell
across the northeastern United States. It produced
near-record snow cover in the major metropolitan ar-
eas since snow fell on unmelted accumulations from
the previous storms. This storm also produced para-
lyzing gale to hurricane force winds on the coast, with
wind gusts of 43 m s�1 at Blue Hill Observatory in
Milton, Massachusetts, and 41 m s�1 at New York
City (La Guardia Airport). Temperatures rose to near
freezing during the storm, producing heavy, wet,
wind-driven snow accumulations along the coast that
quickly hardened and froze as temperatures fell back
into the 20s (�F) during the last segment of the storm.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): panhandle of West Virginia,
parts of northern Virginia and northern Maryland,
Pennsylvania, central and southern New York, central
and northern New Jersey, Connecticut, Rhode Island,
Massachusetts, southern Vermont, and New Hamp-
shire.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northern Pennsylvania, cen-
tral New York, extreme southeastern New York, Long
Island, northern New Jersey, and scattered portions of
New England.

b. Surface analyses

• A large, very cold anticyclone (1048 hPa) north of
the Great Lakes preceded the storm, with record low
temperatures observed in the northeastern United
States on 2 February. The anticyclone remained north
of New York and New England prior to and during
the snowstorm, serving as a continuous source of cold
air for the snowfall in the Northeast.

• Cold-air damming occurred on 2–3 February, with a
distinct inverted ridge of high pressure extending from
New York to northern Florida at 0000 and 1200 UTC
3 February.

• A coastal front developed off the southeast United
States on 3 February, immediately prior to the de-
velopment of the secondary cyclone.

• The primary low pressure center intensified only slow-
ly as it propagated through the Tennessee Valley on
2 February, then filled as it reached the Ohio Valley
on 3 February. The central pressure of this system
never fell below 1010 hPa. The primary low remained
a separate entity for 9 h following the onset of sec-
ondary cyclogenesis along the East Coast on 3 Feb-
ruary.

• The secondary low formed east of South Carolina
shortly after 1200 UTC 3 February and deepened rap-

idly off the middle Atlantic coast on 4 February. In-
tensification occurred primarily between 1200 UTC 3
February and 1200 UTC 4 February. The central sea
level pressure fell from 1008 hPa near Norfolk, Vir-
ginia, at 0000 UTC 4 February to 992 hPa off the
New Jersey coast 12 h later. The secondary center
moved northeastward parallel to the coast through
1200 UTC 4 February, then turned to the east during
the next 12-h period.

• Large sea level pressure gradients formed to the north
of the rapidly deepening secondary low on 4 February
as heavy snow and strong northeasterly winds devel-
oped from northern Virginia to southern New England.

• The primary and secondary lows were both relatively
slow movers, averaging only 12–13 m s�1.

c. 850-hPa analyses

• An 850-hPa cutoff anticyclone located north of the
Great Lakes was responsible for northwesterly flow
and cold advection over the Northeast and middle At-
lantic states on 2 February. The cold-air advection was
located beneath a large region of upper-level conflu-
ence.

• The 850-hPa low center located over the central Unit-
ed States on 2 February deepened slowly until 0000
UTC 3 February. This system propagated eastward
and weakened slightly by 0000 UTC 4 February, then
deepened explosively in the 12 h ending at 1200 UTC
4 February [�240 m (12 h)�1] as the surface cyclone
was intensifying rapidly off the middle Atlantic coast.
Dual 850-hPa low centers at 0000 UTC 4 February
(one over the Ohio Valley and one along the Carolina
coast) reflected the coastal redevelopment of the sur-
face low center. Local height falls amplified markedly
by 1200 UTC 4 February concurrent with the rapid
deepening of the 850-hPa low center along the coast.

• The 850-hPa low evolved along a low-level baroclinic
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FIG. 10.7-1. Snowfall (in.) for 2–5 Feb 1961. See Fig. 10.1-1 for details.

zone that extended from the central plains states to
the middle Atlantic coast on 2–3 February. At 1200
UTC 2 February, the largest temperature gradients
were oriented from west to east on the cold side of
the 0�C isotherm. A pattern of cold advection west of
the low and warm advection east of the low became
quite evident by 0000 UTC 3 February. This estab-
lished the S-shaped isotherm pattern along the East
Coast during 3 February, as the secondary cyclone
was forming. The strong warm-air advection was close
to the low center at 0000 UTC 3 February, but shifted
to the coast during 3 February as coastal frontogenesis
and cyclogenesis occurred along the Southeast coast.

• A southeasterly low-level jet (LLJ) with wind speeds
exceeding 25 m s�1 formed over the middle Atlantic
states by 0000 UTC 4 February, in conjunction with
secondary cyclogenesis, as the local height falls shift-
ed from the Midwest to the East Coast. This jet ap-
peared to enhance the moisture transport into the de-

veloping area of heavy precipitation along the East
Coast.

• Significant cross-contour flow fed into the southeast-
erly LLJ along and just east of the Carolina coast by
0000 UTC 4 February as rapid cyclogenesis and heavy
snowfall commenced immediately along the coast.

• Strong winds greater than 30 m s�1 circled the rapidly
expanding circulation on 4 February, with the easterly
LLJ located just north of the deepening 850-hPa center
directed toward the region of heaviest snowfall at
1200 UTC 4 February.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• As with the previous two storms, the El Niño–South-
ern Oscillation (ENSO) is near neutral. During Jan-
uary through mid-February, the North Atlantic Os-
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FIG. 10.7-2. Twelve-hourly surface weather analyses for 1200 UTC 2 Feb–0000 UTC 5 Feb 1961. See Fig. 10.1-2 for details.
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FIG. 10.7-3. Twelve-hourly 850-hPa analyses for 1200 UTC 2 Feb–0000 UTC 5 Feb 1961. See Fig. 10.1-3 for details.
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FIG. 10.7-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 2 Feb–0000 UTC 5 Feb
1961. See Fig. 10.1-4 for details.
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FIG. 10.7-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 2 Feb–0000 UTC 5 Feb 1961.
See Fig. 10.1-5 for details.
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cillation (NAO) fluctuated very slightly above and
below zero, with this storm occurring during a week
in which the NAO is very slightly negative. Analyses
of 500-hPa data hint at a weak upper ridge over south-
ern Greenland, but as with the two other snowstorms,
there appears to be little relationship between the
storm and the influences of ENSO or the NAO.

• The precyclogenetic environment over the northeast-
ern United States was dominated by a large cyclonic
circulation that drifted eastward across southeastern
Canada. This vortex was associated with a region of
pronounced confluence over southeastern Canada, the
Great Lakes region, and the northeastern United
States, directly above the cold surface high that ex-
tended southeastward from the Great Lakes region
during this period.

• The sea level cyclone was associated with a closed
500-hPa low that drifted slowly eastward from the
central plains states to the East Coast from 2 to 4
February. This circulation was collocated with a well-
defined cyclonic vorticity maximum and was associ-
ated with strong vorticity advections downwind of the
trough axis.

• The closed cyclonic circulation was evident over the
plains states prior to any major development at the
surface. It deepened by 120 m between 0000 UTC 4
February and 0000 UTC 5 February, as the secondary
cyclone developed rapidly off the East Coast. Geo-
potential height gradients increased at the base of the
trough during this period.

• Intense sea level development occurred between 0000
and 1200 UTC 4 February, as diffluence downwind
of the trough axis crossed the coastline and the trough
axis acquired a northwest–southeast orientation (a
negative tilt), while the downstream ridge over New
England became better defined.

• This storm was associated with an upper-level trough
and downstream ridge of relatively small amplitude
and short half-wavelength, as compared with other
cases. A small increase in amplitude between the
trough and downstream ridge occurred as the sea level
cyclone deepened after 0000 UTC 4 February. The
half-wavelength between the trough and downstream
ridge decreased between 1200 UTC 3 February and
1200 UTC 4 February, as the trough approached the
East Coast and the surface cyclone underwent explo-
sive development.

• This case was marked by a dual-jet pattern with a
northern jet extending from the Great Lakes region to
the North Atlantic Ocean during the precyclogenetic
period and a southern jet associated with the trough
that moved slowly from west to east and was located
along the East Coast by 4 February.

• The entrance region of a 60–70 m s�1 polar jet within
the confluent region over the northeastern United
States coincided with the cold surface ridge that ex-
tended from New England to the middle Atlantic states
on 2 and 3 February.

• The more southern jet with maximum wind speeds
approaching 50 m s�1 propagated toward the base of
the trough by 0000 UTC 3 February as the primary
low developed just east of the trough axis and pre-
cipitation expanded into the Ohio Valley. At 1200
UTC 3 February, the axis of maximum wind speeds
shifted east of the base of the trough, concurrent with
an increase in the geopotential height gradients there.
This jet appears to represent a merger of a polar and
subtropical jet system, which is more evident at the
250-hPa level.

• The rapid development of the secondary cyclone
along the coast, the distinct LLJ, and the expanding
area of heavy snowfall all occurred in the diffluent
exit region of the jet streaks located near the base of
the trough after 0000 UTC 4 February.

e. 250-hPa geopotential height and wind analyses

• This case is marked by a general west-to-east flow
pattern with the major trough over southeastern Can-
ada and the developing trough over the central United
States clearly evident in the precyclogenetic period
before 0000 UTC 3 February.

• A strong subtropical jet exceeding 80 m s�1 extended
from Texas to the Southeast coast during the entire
storm period, although maximum winds within the jet
diminished after 1200 UTC 4 February as the system
moved off the coast.

• The northern jet system extending from the New Jer-
sey coast eastward also amplified on 3 February, likely
in response to the expanding area of heavy precipi-
tation as the storm system began to develop just off
the East Coast.
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A student walks home from school, 13 Jan 1964 (courtesy of Washington Weather: The Weather
Sourcebook for the D.C. Area, Historical Enterprises, 2002).
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TABLE 10.8-1. Snowfall amounts for urban and selected locations
for 11–14 Jan 1964.; see Table 10.1-1 for details.

NESIS � 5.74 (category 3)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

10.2 in. (26 cm)
8.5 in. (22 cm)
9.9 in. (25 cm)
7.2 in. (18 cm)

12.5 in. (32 cm)
9.2 in. (23 cm)

Other selected snowfall amounts
Williamsport, PA
Scranton, PA
Nantucket, MA
Harrisburg, PA
Pittsburgh, PA
Hempstead, NY

24.1 in. (61 cm)
21.1 in. (54 cm)
19.2 in. (49 cm)
18.1 in. (46 cm)
15.6 in. (40 cm)
14.7 in. (37 cm)

8. 11–14 January 1964

a. General remarks

• This system was a large, slow-moving storm that pro-
duced severe winter weather through much of the cen-
tral and eastern United States. Blizzard conditions pre-
vailed throughout the middle Atlantic states and south-
ern New England, as temperatures fell below �7�C
and wind speeds increased to greater than gale force.
The heaviest snows fell across Pennsylvania, where
amounts of 16–24 in. (40–60 cm) were common.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): central and northern West
Virginia, northern Maryland, the northern tip of Vir-
ginia, Pennsylvania (except the extreme northwest and
southeast), New Jersey, the southeastern half of New
York, portions of Connecticut and Massachusetts,
Rhode Island, southern Vermont, southern New
Hampshire, and the southern tip of Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): portions of Pennsylvania
and south-central New York.

b. Surface analyses

• A large, intense anticyclone was located near the Min-
nesota–Canada border at 0000 UTC 12 January with
a central pressure of 1046 hPa. Ridge axes extended
south from the northern plains to Texas and southeast
across the Great Lakes, then southward along the At-
lantic coast. Cold temperatures at or below 20�F
(�6�C) were established across the northeastern states
on 11–12 January as sea level pressures rose over the
middle Atlantic states and New England. This high
pressure ridge remained north of New York during the
storm period, serving as a continuous source of cold
air along the coast.

• Cold-air damming was in evidence along much of the
East Coast at 1200 UTC 12 January and 0000 UTC
13 January. The characteristic inverted ridge of high
pressure extended from the middle Atlantic states into
the southeastern states.

• A slowly intensifying primary low pressure center
tracked from Kansas across Tennessee to Kentucky
before weakening over western Virginia by 1200 UTC
13 January, 24 h after the onset of secondary cyclo-
genesis along the East Coast. The primary low was
accompanied by significant snowfall from Missouri
and Iowa up the Ohio Valley into Pennsylvania, with
accumulations exceeding 10 in. (25 cm).

• A secondary cyclone developed as a series of low
pressure centers over the southeastern United States
consolidated into one cyclone center off the North
Carolina coast late on 12 January. The secondary cy-
clogenesis commenced before 1200 UTC 12 January
during a period that featured coastal frontogenesis,

cold-air damming, and the development of moderate
to heavy precipitation west of the coastal front.

• The secondary cyclone had an erratic history of in-
tensification. The low deepened rapidly between 1200
UTC 12 January and 0000 UTC 13 January, did not
deepen at all early on 13 January, then deepened rap-
idly again later on 13 January off the southern New
England coast; coincident with this behavior was the
intermittent nature of the snowfall in New York City
and Long Island, with the heaviest snowfall not de-
veloping until after 1800 UTC 13 January, well after
it was forecast.

• Both the primary and secondary low pressure centers
moved at a relatively slow rate, averaging 9–12 m s�1.
The slow movement and erratic intensification created
many problems for forecasters concerned with the on-
set time and duration of the snowfall throughout the
Northeast.

c. 850-hPa analyses

• Northwesterly flow and cold-air advection were lo-
cated beneath a region of upper-level confluence over
the northeastern United States between 1200 UTC 11
January and 1200 UTC 12 January. The cold north-
westerly flow across New England persisted until
1200 UTC 13 January.

• A well-defined 850-hPa low center drifted eastward
from Kansas to West Virginia and deepened very
slowly from 11 through 13 January. A secondary 850-
hPa low began to form near the South Carolina–Geor-
gia border at 1200 UTC 12 January. This center deep-
ened at a more rapid pace than did the primary low,
as it propagated northeastward along the East Coast.
Between 1200 UTC 13 January and 0000 UTC 14
January, the two 850-hPa low centers consolidated
into one strong center near the coast, just south of
New York City.

• The 0�C isotherm was displaced to the south and east
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FIG. 10.8-1. Snowfall (in.) for 11–14 Jan 1964. See Fig. 10.1-1 for details.

of the initial 850-hPa low on 11–12 January and was
later located to the north of the secondary 850-hPa
center at 0000 UTC 13 January. The east-to-west ori-
entation of the 850-hPa isotherms at 1200 UTC 11
January evolved into an S-shaped pattern by 0000
UTC 12 January as cold air was advected southward
behind the 850-hPa low and warm air was drawn
northward ahead of it.

• The temperature gradients increased along the middle
Atlantic coast during 12 January with the onset of
secondary cyclogenesis, coastal frontogenesis, and the
formation of the low-level jet (LLJ).

• The development of a secondary 850-hPa low center
during 12 January was associated with the formation
of a 20–25 m s�1 south-to-southeasterly LLJ along
the Florida to South Carolina coast. These develop-
ments coincided with the secondary sea level cyclo-
genesis and coastal frontogenesis off the Southeast
coast, and the outbreak of moderate to heavy precip-

itation across Georgia and South Carolina. Neverthe-
less, the evolution of the LLJ along the East Coast
after 1200 UTC 12 January was not straightforward,
with no strong jet analyzed (as in other cases) to the
north of the circulation centers.

• An easterly LLJ was established to the north of both
the primary and secondary 850-hPa low centers on
12 and 13 January, with wind speeds exceeding 20 m
s�1 in the Ohio Valley at 0000 UTC 13 January and
barely exceeding 20 m s�1 from the New Jersey coast
to Pennsylvania.

• The development of a coastal height-fall center and
LLJ over the 12-h period ending at 1200 UTC 12
January with a noticeable sharp turn in the wind field
to a southeasterly direction is similar to that which
occurred in the February 1979 ‘‘Presidents’ Day
Storm’’ [Bosart (1981); Uccellini et al. (1984, 1987);
see chapter 11.18]. The LLJ and height-fall center
formed at a considerable distance from the primary
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FIG. 10.8-2. Twelve-hourly surface weather analyses for 1200 UTC 11 Jan–0000 UTC 14 Jan 1964. See Fig. 10.1-2 for details.
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FIG. 10.8-3. Twelve-hourly 850-hPa analyses for 1200 UTC 11 Jan–0000 UTC 14 Jan 1964. See Fig. 10.1-3 for details.
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FIG. 10.8-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 11 Jan–0000 UTC 14 Jan
1964. See Fig. 10.1-4 for details.
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FIG. 10.8-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 11 Jan–0000 UTC 14 Jan 1964.
See Fig. 10.1-5 for details.
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850-hPa low located over the central United States at
1200 UTC 12 January. These features developed at
the 850-hPa level while a subtropical jet strengthened
at 200 hPa, cold-air damming occurred east of the
Appalachian Mountains, and coastal frontogenesis and
heavy precipitation were developing near the South-
east coast. The LLJ increased the thermal and moisture
advections across the middle Atlantic states and acted
to enhance the moisture transport toward the expand-
ing precipitation area observed in the Southeast on
1200 UTC 12 January.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This snowstorm developed during a winter that was
similar to the winter of 1957/58. It was a winter during
which a strong El Niño was present (although it would
quickly evolve into a La Niña pattern by March) and
was also a winter dominated by negative values of the
North Atlantic Oscillation (NAO). The snowstorm de-
veloped in a period during which daily values of the
NAO were negative and dropping sharply. At 500 hPa,
evidence of the negative NAO may be found in the
westward expansion of a large upper ridge to a po-
sition just east of Greenland over the Atlantic Ocean.

• An intense anticyclonic circulation over Greenland
and a strong cyclonic vortex over eastern Canada es-
tablished a region of confluent geopotential heights
across the northeastern United States from 1200 UTC
11 January through 1200 UTC 13 January. This con-
fluent flow regime was located above the rising sea
level pressures that accompanied a surge of cold air
from the Great Lakes to the middle Atlantic coast on
12 January.

• A separate trough was located in the central United
States on 11 and 12 January, downstream from a high-
amplitude ridge over the western United States. This
trough evolved into a rather intense 500-hPa circu-
lation by 0000 UTC 13 January as the primary surface
cyclone moved into the Ohio Valley and the primary
surface cyclone moved into the Ohio Valley, with the
vortex sustaining its intensity during the remainder of
the storm. The large-amplitude trough–vortex system
drifted across the central United States as the primary
surface low developed in Kansas and moved slowly
to the Ohio Valley on 11 and 12 January. The cir-
culation center deepened from 5300 m at 1200 UTC
12 January to 5120 m by 0000 UTC 14 January, as
the secondary surface low formed along the East
Coast.

• An intense area of cyclonic vorticity was collocated
with the vortex in association with cyclonic wind
shear at the base of the trough. The sea level cyclone
developed off the East Coast in a region of cyclonic
vorticity advection into a diffluent region east of the
vortex, especially on 13 January.

• The amplitude of the trough and its flanking ridges
did not appear to change significantly immediately
prior to or during secondary cyclogenesis. The am-
plitude of the trough and downstream ridge increased
only slightly throughout the study period.

• The half-wavelength between the trough and down-
stream ridge decreased only slightly, primarily be-
tween 1200 UTC 11 January and 0000 UTC 13 Jan-
uary, when secondary surface cyclogenesis was under
way.

• A dual-jet pattern slowly evolved for this case but is
clearly established by 0000 UTC 13 January with a
northern jet in the confluent zone over the Great Lakes
to the Atlantic Ocean during the precyclogenetic pe-
riod and a southern jet associated with this distinct
trough moving toward the coast.

• Missing wind reports over the northeastern United
States at 1200 UTC 11 January and 0000 UTC 12
January were indicative of the strong winds associated
with a highly confluent polar jet. During this period,
high sea level pressure and cold air began to surge
into the northeastern United States beneath the con-
fluent entrance region of this jet..

• A polar jet with maximum wind speeds of 50–60 m s�1

propagated into the base of the trough over the east-
central United States by 0000 UTC 13 January, as the
development of the secondary cyclone was initiated
near the East Coast. Analyzed winds in the base of
the trough at 0000 and 1200 UTC 13 January in-
creased to near 70 m s�1 while secondary cyclogenesis
was in progress just along the East Coast.

• The secondary low developed in the diffluent exit re-
gion of this southern jet system extending to just east
of the trough axis and in the right-entrance region of
the confluent jet over New England at 0000 and 1200
UTC 13 January.

e. 250-hPa geopotential height and wind analyses

• The broad trough over southeastern Canada and the
developing trough in the central United States (down-
wind of the West Coast ridge) are clearly evident.

• Wind speeds at 200 and 250 hPa increased signifi-
cantly over the middle Atlantic states and New Eng-
land in the 12-h period ending at 1200 UTC 12 Jan-
uary, strengthening to greater than 80 m s�1. This
feature developed and amplified at the crest of the
downstream ridge as a coastal front, secondary cy-
clone, and heavy precipitation were developing over
the southeastern United States. The amplification of
this upper-level and the low-level jet along the South-
east coast (see the 850-hPa maps), in conjunction with
the development of heavy precipitation in Georgia and
South Carolina at 1200 UTC 12 January, is similar to
the sequence observed in the February 1979 Presi-
dents’ Day Storm [Uccellini et al. (1984, 1987); see
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chapter 11.18]. This sequence is also evident in other
cases throughout the sample.

• An intensifying subtropical jet, with maximum winds
exceeding 70 m s�1 by 1200 UTC 13 January and 80

m s�1 by 0000 UTC 14 January, was located over the
southeastern United States. The amplification oc-
curred as the surface low intensified and propagated
northeastward along the East Coast on 13 January.
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Hamilton Street in Hyattsville, Maryland, during a blizzard, 30 Jan 1966 (photo courtesy of Kevin Ambrose, Blizzards and
Snowstorms of Washington, D.C., Historical Enterprises, 1993).
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TABLE 10.9-1. Snowfall amounts for urban and selected locations
for 29–31 Jan 1966; see Table 10.1-1 for details.

NESIS � 5.05 (category 3)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

13.8 in. (35 cm)
12.1 in. (31 cm)

8.3 in. (21 cm)
6.8 in. (17 cm)
6.3 in. (16 cm)

Other selected snowfall amounts*
Syracuse, NY
Rochester, NY
Binghamton, NY
Roanoke, VA
Harrisburg, PA

39.0 in. (99 cm)
26.7 in. (68 cm)
20.1 in. (51 cm)
12.3 in. (31 cm)
12.2 in. (31 cm)

* Snowfall amounts for the New York cities are accumulations
through 31 Jan.

9. 29–31 January 1966

a. General remarks

• This storm is referred to as the Blizzard of ’66. The
storm was the third and most severe in a series of
three snowstorms that occurred over a 10-day period
along the middle Atlantic coast. Heavy snow fell from
North Carolina northward to New York and combined
with temperatures below �10�C and wind gusts in
excess of 25 m s�1 to create widespread blizzard con-
ditions.

• The axis of heaviest snowfall extended from south-
west to northeast across Virginia, but shifted to a more
north–south orientation north of Virginia. Maximum
snowfall was displaced west of the immediate coast
from New Jersey to New England, sparing the major
metropolitan areas from Philadelphia across much of
southern New England the storm’s worst effects.

• Cyclone snowfall combined with ‘‘lake effect’’ snow
over parts of New York state to produce record ac-
cumulations of 60–100 in. (150–250 cm) immediately
south and east of Lake Ontario.

• The following regions had snow accumulations ex-
ceeding 10 in. (25 cm): parts of North Carolina, central
Virginia, parts of West Virginia, Maryland (except the
extreme west), Delaware, northwestern New Jersey,
central and eastern Pennsylvania, New York (except
the northeast, southeast, and parts of the southwest),
and scattered locations throughout New England.

• The following region had snow accumulations ex-
ceeding 20 in. (50 cm): central New York.

b. Surface analyses

• The cyclone developed along the advancing edge of
a record setting cold air mass associated with a 1055-
hPa anticyclone over northern Canada.

• Cold-air damming was observed early on 29 January
in conjunction with an inverted high pressure ridge
near the Southeast coast. Concurrently, a coastal front
developed just offshore.

• The surface low pressure center initially moved along
the Gulf coast at a rate of about 15 m s�1 before
turning northeastward along the Southeast coast on 29
January. The low deepened slowly as it propagated
northeastward along the coastal front through the af-
ternoon of 29 January. The center tended to ‘‘jump’’
or redevelop northeastward along the coastal front
near the Carolina coast late on 29 January. It advanced
at 25 m s�1 as it crossed eastern North Carolina by
0000 UTC 30 January.

• Once the cyclone center passed eastern North Caro-
lina, it took a more northerly track late on 29 January,
deepening explosively from 0000 UTC 30 January
until 1800 UTC 30 January as the central pressure
fell from 997 to 970 hPa.

• Very heavy snow fell from Virginia to New York dur-

ing this stage of rapid development. The subsequent
track of the storm took it inland across extreme eastern
New Jersey and New York City, then up the Hudson
Valley of New York. To the west of this path, tem-
peratures never rose much above �10�C, and north-
northwest surface winds strengthened, creating bliz-
zard conditions from central Virginia to central New
York.

• A wedge of drier and warmer air raced up the coast
near and to the east of the low center. Temperatures
approached 5�C in New York City and southern New
England, cutting snow accumulations in these regions.
Snowfall ceased or changed to rain for a 6–9-h period
as the low passed to the west before changing back
to snow with falling temperatures and southerly winds
just before 1800 UTC 30 January.

• Intense sea level pressure gradients formed, especially
to the west and north of the low center, prolonging
high winds even after the low pressure system had
passed.

c. 850-hPa analyses

• A strong northwesterly flow of very cold air was main-
tained across much of the north-central and north-
eastern United States through 1200 UTC 29 January,
suppressing the 0�C isotherm southward to the Gulf
states. Most of the northern states were covered by
850-hPa temperatures below �20�C.

• The 850-hPa low intensified only slightly through
0000 UTC 29 January, then deepened at a rate of �60
m (12 h)�1 over the 24-h period ending at 0000 UTC
30 January, as the surface low reached North Carolina.
During the following 12-h period, the surface low
intensified explosively and the 850-hPa center also
deepened rapidly [�150 m (12 h)�1]. A slower rate
of intensification [�60 m (12 h)�1] was then observed
in the 12-h period ending at 0000 UTC 31 January,
with a major vortex covering the northeastern quad-
rant of the United States by this time.
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FIG. 10.9-1. Snowfall (in.) for 29–31 Jan 1966. See Fig. 10.1-1 for details.

• The 850-hPa low developed along the southern edge
of the intense baroclinic zone that extended from the
southern plains to the middle Atlantic coast. The pro-
nounced temperature gradient was maintained over the
middle Atlantic states within a confluent upper-tro-
pospheric geopotential height pattern on 28 and 29
January. The east–west orientation of the thermal field
along the East Coast on 28–29 January changed to
north–south on 30 January. This change in orientation
occurred during the rapid development phase of the
storm and was marked by a 24�C temperature differ-
ence between Washington, D.C. (�24�C), and New
York City (0�C) at 1200 UTC 30 January. The 0�C
isotherm was located near the 850-hPa low center,
except during the occluding stage of the cyclone late
on 30 January, when the center was found in the colder
air over New England.

• An S-shaped isotherm pattern did not become clearly
evident until 1200 UTC 30 January, during the period

of explosive cyclogenesis. This pattern emerged as
strong warm-air advection developed along the middle
Atlantic coast by 0000 UTC 30 January, and across
the northeastern states at 1200 UTC 3 January, with
cold-air advection quite evident to the west and the
south of the developing vortex.

• On 28–29 January, during the early stages of cyclo-
genesis along the Gulf coast, a southerly 20 m s�1

low-level jet (LLJ) was directed toward areas of heavy
precipitation in advance of the 850-hPa low. A very
strong southeasterly jet developed east of the 850-hPa
low after 0000 UTC 30 January, in association with
the rapid 850-hPa deepening. The area of maximum
winds slowly moved around the developing vortex
with wind speeds of 30–40 m s�1 along the southern
New England coast by 1200 UTC 30 January. This
strong low-level flow was directed toward the region
of heavy snowfall, indicating that the vertical motions
and moisture transport associated with the LLJ were
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FIG. 10.9-2. Twelve-hourly surface weather analyses for 1200 UTC 28 Jan–0000 UTC 31 Jan 1966. See Fig. 10.1-2 for details.
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FIG. 10.9-3. Twelve-hourly 850-hPa analyses for 1200 UTC 28 Jan–0000 UTC 31 Jan 1966. See Fig. 10.1-3 for details.
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FIG. 10.9-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 28 Jan–0000 UTC 31 Jan
1966. See Fig. 10.1-4 for details.
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FIG. 10.9-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 28 Jan–0000 UTC 31 Jan 1966.
See Fig. 10.1-5 for details.
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important factors in the precipitation field expanding
northward into western New York on 30 January.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• Prior to rapid cyclogenesis on 30 January, an ampli-
fying ridge moved inland from the west coast as a
trough propagated out of the southwestern United
States. An anticyclonic circulation between Quebec
and Greenland moved slowly westward, with an elon-
gated cyclonic circulation extending from the Great
Lakes eastward beyond Nova Scotia.

• This case was characterized by a major reorientation
of the upper-level features. The propagating trough
from the southwestern United States merged with a
separate trough that propagated and amplified down-
wind of the ridge axis over the northwestern United
States. This separate trough was marked by a distinct
upper-level jet streak and an amplifying cyclonic vor-
ticity maximum that tracked southeastward from Sas-
katchewan to Iowa between 1200 UTC 28 January
and 1200 UTC 29 January.

• The merger of these features was associated with the
splitting of the elongated closed low near the Canadian
border into two separate vortices by 1200 UTC 29
January. One center moved eastward off the New-
foundland coast on 29 January. The other center, lo-
cated near Lake Superior at 1200 UTC 29 January,
rotated from an east–west to a north–south orientation
by 0000 UTC 30 January, with sharply rising heights
analyzed over the East Coast by 0000 UTC 30 Jan-
uary.

• The surface low deepened explosively on 30 January
as the vorticity maximum that had dropped south-
eastward from the northern plains on 28–29 January
neared the East Coast. The merger of the two troughs
and the increasing cyclonic wind shear yielded one
vorticity maximum near the North Carolina–Virginia
coast by 1200 UTC 30 January.

• The rotation of the Great Lakes trough and its sub-
sequent merger with the trough from the southwestern
United States occurred as the amplitude of the com-
bined trough system and upstream ridge increased
substantially between 1200 UTC 28 January and 0000
UTC 30 January. The amplitude of the trough and the
downstream ridge over the northeastern United States
increased after 1200 UTC 29 January, as the surface
low moved to the southeast coast, then intensified rap-
idly.

• The maximum intensification of the surface low oc-
curred as the diffluent region downwind of the trough
became better defined at 0000 UTC 30 January and
the trough axis became oriented from northwest to
southeast (a negative tilt) by 1200 UTC 30 January,
with the surface low approaching New York City. This

region also contained the strongest vorticity advection
downwind of the diffluent trough axis.

• The vortex deepened significantly between 1200 UTC
30 January and 0000 UTC 31 January. The half-wave-
length of the trough and downstream ridge axes de-
creased significantly as the surface low developed
along the East Coast and heavy precipitation expanded
across the Northeast.

• This case, like many others, was marked by a dual-
jet pattern with a northern jet extending from the
northeast United States eastward across the Atlantic
Ocean during the precyclogenetic period (prior to
0000 UTC 30 January) and a complex southern jet
system associated with the deepening trough that con-
tinued to amplify throughout the cyclogenetic period
between 0000 UTC 30 January and 0000 UTC 31
January.

• Unlike other cases, these jets did not appear to become
laterally coupled as the northern jet moved far off-
shore on 30 January while the southern jet moved
northeastward along the East Coast by 0000 UTC 31
January.

• A 60 m s�1 polar jet streak was located over the north-
eastern United States on 28 January, immediately
south of the elongated 500-hPa vortex. The extension
of cold air across the eastern states prior to cyclo-
genesis occurred in the confluent entrance region of
this jet.

• An intensifying polar jet streak with maximum wind
speeds increasing from 40 to 60 m s�1 propagated
southeastward from southwestern Canada to the plains
states between 1200 UTC 28 January and 1200 UTC
29 January as the West Coast ridge amplified and the
Great Lakes vortex began to rotate into a north–south
orientation

• The strongest upper-level wind speeds developed and
were consistently located downstream of the major
trough axis as the entire wind field increased at the
base of the trough as it amplified by 1200 UTC 30
January. The rapid cyclogenesis occurred in the dif-
fluent exit region of the complex jet system that be-
came better defined along the Southeast coast by 1200
UTC 30 January, and then propagated northeastward
along the Atlantic coast by 0000 UTC 31 January as
wind speeds increased to greater than 80 m s�1 at 400
hPa.

• By the time the intense jet system amplified over the
East Coast, the upper-level ridge rapidly amplified as
far north as southeastern Canada, forcing warmer air
through much of New England east of the storm center
as the entrance region of the northern jet moved far
to the east of the southeastern Canadian coast.

e. 250-hPa geopotential and wind analyses

• The geopotential height field clearly depicts the major
trough over southeastern Canada and confluent flow
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over the Great Lakes region that marked the cold,
precyclogenetic environment in the north-central and
northeastern United States. The height field also clear-
ly shows the amplifying trough into the central and
eastern United States by 30 January.

• An interesting wind feature was the development of
a 70 m s�1 jet streak at 250 hPa across the middle
Atlantic and New England states by 1200 UTC 29
January (wind speeds exceeded 80 m s�1 at 300 hPa).
This jet developed near the crest of the downstream
ridge as the southern and northern troughs merged in
the central United States prior to rapid cyclogenesis
on the East Coast and before heavy snowfall envel-
oped the middle Atlantic region by 0000 UTC 30
January.

• The increasing wind speeds to greater than 70 m s�1

over the Ohio Valley and 80 m s�1 over the mid-
Atlantic coast and Southeast at 0000 UTC 30 January

occurred as the heavy precipitation spread into these
regions within the amplifying ridge downstream of
the developing storm system.

• Maximum wind speeds associated with the subtropical
jet extending across the southeastern United States at
250 hPa increased from 70 to greater than 90 m s�1

between 1200 UTC 28 January and 1200 UTC 30
January, during cyclogenesis. A coastal front devel-
oped along the Southeast coast and precipitation ex-
panded across the Gulf coast region concurrent with
the early period of increasing wind speeds.

• The strong winds along and over the western Atlantic
at 400 and 250 hPa at 0000 UTC 31 January indicates
a likely merger of the diffluent polar jet and the over-
lying subtropical jet during this period as the intense
trough and very cold underlying air moved up along
the East Coast, another indication of just how intense
the dynamical pattern was for this storm.
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Essa-3 visible satellite photo on 25 Dec 1966 (image courtesy of NOAA/NESDIS).
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TABLE 10.10-1. Snowfall amounts for urban and selected
locations for 23–25 Dec 1966; see Table 10.1-1 for details.

NESIS � 3.79 (category 2)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

9.2 in. (23 cm)
8.5 in. (22 cm)

12.7 in. (32 cm)
7.1 in. (18 cm)
5.7 in. (14 cm)

Other selected snowfall amounts
Albany, NY
Burlington, VT
Allentown, PA
Wilmington, DE
Trenton, NJ

18.7 in. (47 cm)
14.9 in. (38 cm)
13.3 in. (34 cm)
12.5 in. (32 cm)
11.7 in. (30 cm)

10. 23–25 December 1966

a. General remarks

• This case is notable as a Christmas Eve snowstorm
that deposited heavy snow over a wide area extending
from the southern plains states to New England. An
intriguing aspect of this storm was the numerous re-
ports of thunderstorms with heavy snow from the mid-
dle Atlantic states to New England. Snowfall along
the coast was reduced by a changeover to sleet during
the afternoon of 24 December.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): portions of central and
northern Virginia, parts of Maryland and West Vir-
ginia, northern Delaware, eastern Pennsylvania, west-
ern New Jersey, eastern New York, and western New
England.

• The following region reported snow accumulations
exceeding 20 in. (50 cm): parts of eastern New York.

b. Surface analyses

• A strong high pressure cell located over the plains
states was associated with a large mass of cold air
covering the central and eastern United States on 22
and 23 December.

• Cold-air damming, as indicated by a weak inverted
sea level pressure ridge, was observed over the middle
Atlantic states between 0000 and 1200 UTC 24 De-
cember.

• Coastal frontogenesis was not observed along the
Southeast coast, given the existence of a preexisting
frontal zone located along the Carolina coast.

• The surface low developed along the edge of the cold-
air outbreak and moved eastward to the South Carolina
coast by the morning of 24 December. The center
deepened slowly during this period, while advancing
at a pace of 15 m s�1. The cyclone then moved north-
eastward just off the East Coast and deepened rapidly
during the ensuing 24-h period. The central pressure
decreased 22 hPa in 24 h, reaching 978 hPa by the
time the low was located along the Maine coast at
1200 UTC 25 December.

• The surface low exhibited a ‘‘center jump’’ along the
preexisting frontal boundary near the Carolina coast
around 1200 UTC 24 December, as the storm began
to accelerate northeastward along the East Coast.

c. 850-hPa analyses

• A major vortex over southeastern Canada provided
west-to-northwesterly flow over the north-central and
northeastern United States, sustaining cold air in the
lower troposphere into 24 December.

• The 0�C isotherm, oriented on an east–west axis, ex-

tended from a low over the Texas–Oklahoma border
to southern Virginia at 1200 UTC 24 December.

• The 850-hPa low center deepened only slightly as it
moved across the southern United States on 23 De-
cember, but intensified more rapidly after 0000 UTC
24 December as it neared the East Coast. The 12-
hourly central height changes were �60 m (12 h)�1

at 1200 UTC 24 December, �90 m (12 h)�1 at 0000
UTC 25 December, and �120 m (12 h)�1 at 1200
UTC 25 December.

• Strong cold-air advection west of the low center pre-
ceded the development of warm-air advection east of
the center. The cold-air advection was observed by
0000 UTC 23 December, as strong winds developed
nearly perpendicular to the band of isotherms that
stretched across Texas. A strong northerly jet to the
rear of the 850-hPa low dominated early cyclogenesis
across the southern United States on 23 December.
Otherwise, weak flow was observed near the low cen-
ter prior to 24 December. Significant warm-air ad-
vection was not seen until 0000 UTC 24 December
as the 850-hPa low propagated slowly eastward and
southerly winds increased along the Southeast coast.

• The 850-hPa low propagated along the narrow and
intense east–west temperature gradient. The isotherms
evolved into an S-shaped configuration between 0000
and 1200 UTC 24 December as the warm-air advec-
tion pattern strengthened east of the low. The 0�C
isotherm ran through the 850-hPa low center until the
cyclone occluded. By 1200 UTC 25 December, the
low center was located in colder air over New Eng-
land.

• Wind speeds increased near and to the southeast of
the low center by 1200 UTC 24 December as it neared
the East Coast and began to intensify. A low-level jet
(LLJ) developed to the south and east of the low as
the surface cyclone was beginning a 24-h period of
rapid deepening. Easterly flow strengthened north of
the low by 0000 UTC 25 December, reaching 20–25
m s�1, during rapid 850-hPa intensification, and was
directed toward the area of heavy snowfall developing
in Pennsylvania and New York.
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FIG. 10.10-1. Snowfall (in.) for 23–25 Dec 1966. See Fig. 10.1-1 for details.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm was one of several snowstorms during the
snowy winter of 1966/67 in the Northeast (Fig. 2–4,
volume I). This storm occurred during a period when
the effects of the El Niño–Southern Oscillation
(ENSO) were relatively small, with a weak La Niña,
and during a month when the North Atlantic Oscil-
lation (NAO) was mainly positive. The storm did oc-
cur during a brief period when the NAO became de-
cidedly negative for about a week. The 500-hPa anal-
ysis shows a trough over southern Greenland, which
is not consistent with a negative NAO; a blocking
pattern over eastern Canada, with a cutoff low near
the U.S. border; and a developing cutoff ridge over
northern Quebec, which is consistent with the negative
NAO observed for this particular period.

• The precyclogenetic environment featured a ridge lo-
cated just inland from the West Coast and a trough

extending from Nebraska to New Mexico early on 23
December. A closed cyclonic circulation was located
just north of Lake Huron with a trough axis extending
eastward toward New England. An amplifying ridge
over northeastern Canada was later associated with
the development of a closed anticyclone that drifted
slowly westward across northern Quebec.

• The juxtaposition of the Great Lakes vortex and the
trough in the plains states produced confluence across
the northern and eastern United States. The confluent
region is observed above the surface high pressure
ridge building eastward into the middle Atlantic states
from the anticyclone center located over the plains
states on 23 December.

• The development of the surface low occurred in con-
junction with the eastward propagation of the trough
initially over the central plains states at 0000 UTC 23
December as it interacted with the cyclonic vortex
over the Great Lakes by 1200 UTC 24 December.

• A cyclonic vorticity maximum propagated northeast-
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FIG. 10.10-2. Twelve-hourly surface weather analyses for 0000 UTC 23 Dec–1200 UTC 25 Dec 1966. See Fig. 10.1-2 for details.
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FIG. 10.10-3. Twelve-hourly 850-hPa analyses for 0000 UTC 23 Dec–1200 UTC 25 Dec 1966. See Fig. 10.1-3 for details.
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FIG. 10.10-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 23 Dec–1200 UTC 25
Dec 1966. See Fig. 10.1-4 for details.
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FIG. 10.10-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 23 Dec–1200 UTC 25 Dec 1966.
See Fig. 10.1-5 for details.
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ward along the East Coast as the cyclone deepened
on 24–25 December.

• The vortex over the Great Lakes on 23 December split
into two separate trough systems early on 24 Decem-
ber. One trough moved eastward from Newfoundland
and the other became established over the central
Great Lakes, similar to the January 1966 case. As this
occurred, the trough over the plains states merged with
the trough system forming over Michigan, becoming
negatively tilted by 0000 UTC 25 December.

• As the 500-hPa low center remained over Michigan,
a new center developed over Maryland at 0000 UTC
25 December, coincident with the rapid deepening of
the surface low off the East Coast. This new center
then pivoted counterclockwise around the Michigan
low and was located over New England at 1200 UTC
25 December, deepening rapidly by �120 m (12 h)�1

while the surface low continued to intensify off the
New England coast.

• The sea level cyclone intensified beneath a region of
increasing diffluence east of the trough axis, which
attained a northwest–southeast orientation (a negative
tilt) by 0000 UTC 25 December.

• The amplitude of the upstream ridge over the western
United States and the trough over the central plains
increased sharply by 0000 UTC 24 December. Mean-
while, the trough drifted eastward to the lower Mis-
sissippi Valley, prior to the intensification of the sur-
face low along the East Coast. The amplitude of the
trough and downstream ridge increased markedly over
the 12-h period ending at 0000 UTC 24 December,
prior to East Coast cyclogenesis, and increased mod-
erately thereafter as the cyclone deepened.

• The half-wavelength between the trough and down-
stream ridge decreased slightly between 0000 UTC
24 December and 0000 UTC 25 December during
surface cyclogenesis and as the precipitation shield
spread northeastward along the East Coast.

• This case was marked by the distinct dual-jet pattern,
with a northern jet extending from the Great Lakes to
New England and the Atlantic coast during the pre-
cyclogenetic period and a separate, distinct jet streak

associated with the southern trough that influenced the
rapid cyclogenesis on 24 December.

• A 60 m s�1 polar jet streak was observed over the
northeastern United States on 23 December within the
confluent region south of the vortex over the Great
Lakes. The confluent entrance region of this jet was
associated with rising sea level pressures and colder
temperatures extending into the middle Atlantic states.

• The southern jet amplified near and east of the trough
in the central United States by 0000 UTC 24 Decem-
ber, with wind speeds at the 400-hPa level increasing
to greater than 50 m s�1.

• As this jet–trough system approached the East Coast,
the winds continued to increase to greater than 60 m
s�1 by 0000 UTC 25 December. The heavy snowfall,
LLJ, and rapid cyclogenesis along the East Coast all
developed within the diffluent exit region of this jet
streak and the right-entrance region of the northern
jet on 24 December.

e. 250-hPa geopotential height and wind analyses

• The geopotential height fields in the 250-hPa analyses
clearly depict the separate trough systems over south-
ern Canada and the central United States slowly merg-
ing by 0000 UTC 24 December with the western por-
tion of the Canadian trough merging with the central
United States trough, and amplifying by 1200 UTC
24 December.

• The analyses illustrate the dual-jet pattern, noted ear-
lier at 400 hPa, through 1200 UTC 24 December and
0000 UTC 25 December. The wind speeds increased
in the northern jet from Virginia to southern New
England as the precipitation shield expanded north-
eastward and the surface low began to deepen rapidly
along the coast.

• A subtropical jet at 250 hPa, located downwind of the
trough over the central United States, had maximum
winds of 50 m s�1, which then increased to greater than
60 m s�1 by 1200 UTC 24 December These speeds
were less than those observed in many other cases.
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Times Square, New York City, 7 Feb 1967 (photo reprinted courtesy of the New York Times).
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TABLE 10.11-1. Snowfall amounts for urban and selected
locations for 5–7 Feb 1967; see Table 10.1-1 for details.

NESIS � 3.82 (category 3)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

11.8 in. (30 cm)
10.6 in. (27 cm)

9.9 in. (25 cm)
15.2 in. (39 cm)

9.5 in. (24 cm)

Other selected snowfall amounts
Newark, NJ
Bridgeport, CT
Worcester, MA
Trenton, NJ
Allentown, PA

16.5 in. (42 cm)
14.9 in. (38 cm)
14.4 in. (37 cm)
13.8 in. (35 cm)
13.0 in. (33 cm)

11. 5–7 February 1967

a. General remarks

• Snowfall was produced from two separate low pres-
sure systems. The first cyclone produced a narrow
band of snow across the northern middle Atlantic
states and southern New England, with accumulations
of generally less than 4 in. (10 cm). It also ushered
very cold air into New England and the middle At-
lantic states. The second storm produced heavy snow-
fall rates, but for a relatively short duration. As this
storm moved rapidly northeastward along the East
Coast, blizzard conditions developed across the mid-
dle Atlantic states and southern New England.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): northern Virginia, north-
eastern West Virginia, central and northern Maryland,
northern Delaware, southeastern Pennsylvania, parts
of western Pennsylvania, most of New Jersey, extreme
southeastern New York, Connecticut, Rhode Island,
central and eastern Massachusetts (except Cape Cod),
southeastern New Hampshire, and coastal Maine.

• The following region reported snow accumulations
exceeding 20 in. (50 cm): scattered locations in north-
ern New Jersey and southeastern New York.

b. Surface analyses

• Two cyclones were responsible for the heavy snowfall.
The first surface low moved from southern Iowa
across northern Kentucky to northern Virginia on 5–
6 February. It propagated along a cold front that
moved slowly southward into the middle Atlantic
states by 6 February. The surface low was weak and
filled as it neared the East Coast, but still produced
2–4 in. (5–10 cm) accumulations from Pennsylvania
into New York City and Long Island.

• Following the first cyclone, an anticyclone (1040 hPa)
moved across southern Ontario into Quebec, accom-
panied by bitterly cold temperatures (less than
�20�C). A weak inverted sea level pressure ridge west
of the middle Atlantic coast at 0000 and 1200 UTC
7 February is suggestive of cold-air damming.

• Coastal frontogenesis was not observed in this case.
• The second low, which produced the heaviest snow,

formed along the same cold front as it reached the Gulf
coast on 6 February. This cyclone moved very rapidly,
propagating from northwestern Florida at 0000 UTC 7
February to a position off the Virginia coast 12 h later.
The low center appeared to ‘‘jump’’ from central South
Carolina to the Virginia coast between 0900 and 1200
UTC 7 February. It then raced northeastward to a po-
sition off the coast of Maine by 0000 UTC 8 February,
covering more than 1000 km in 12 h.

• An area of precipitation expanded quickly to the east
and north as the surface low moved rapidly up the

Atlantic coast on 6–7 February. The heaviest precip-
itation was initially concentrated just north of the cy-
clone center, but was later observed approximately
200 km northwest of the low center. Heavy snow gen-
erally fell for only 12 h or less due to the storm’s
rapid movement. Temperatures ranging between �7�
and �15�C combined with gale force winds to create
blizzard conditions across the middle Atlantic and
southern New England states on 7 February.

• The cyclone deepened slowly as it tracked across the
southeastern United States between 0000 and 0600
UTC 7 February. Deepening rates increased to nearly
�1 hPa h�1 after 1200 UTC 7 February, as the storm
center moved over the Atlantic Ocean. Although the
deepening rates exhibited by this system were not as
spectacular as those in many other cases, the storm’s
rapid northeastward progression produced local pres-
sure falls across southeastern Canada that were as
large as those observed in slower-moving cyclones
that had intensified more vigorously.

c. 850-hPa analyses

• Separate 850-hPa low centers accompanied the two sur-
face low pressure systems in this case. The first 850-
hPa low weakened as it moved up the Ohio Valley and
into Pennsylvania by 1200 UTC 6 February. Its sub-
sequent passage off the East Coast was followed by
the southward displacement of the 850-hPa baroclinic
zone to the middle Atlantic region. The passage of this
frontal zone to the south established cold air across the
northeastern United States for the second system.

• The second and more significant 850-hPa low center
developed in Texas and Louisiana at 1200 UTC 6
February along the southern edge of a narrow, well-
defined baroclinic zone that extended from Texas
across the lower Ohio Valley to the middle Atlantic
states. A 20–25 m s�1 north-to-northeasterly jet ac-
companied the development of the 850-hPa low over
Texas on 6 February. Strong cold-air advection oc-
curred with this jet west of the newly formed center.
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FIG. 10.11-1. Snowfall (in.) for 5–7 Feb 1967. See Fig. 10.1-1 for details.

• The low deepened slowly as it propagated northeast-
ward to the middle Atlantic coast by 1200 UTC 7
February. It intensified more rapidly once it was well
off the coast later on 7 February.

• The low center tracked along the narrow, intense band
of isotherms that had been established prior to cyclo-
genesis. Only a hint of the S-shaped isotherm pattern
appeared along the East Coast at 1200 UTC 7 Feb-
ruary, a signature that was much better defined in
many of the other cases.

• A 25 m s�1 southwesterly low-level jet (LLJ) formed
in southern Georgia and northern Florida by 0000
UTC 7 February. By 1200 UTC 7 February, a greater
than 30 m s�1 southerly jet (LLJ) is analyzed over
eastern North Carolina, as wind speeds generally in-
creased with the deepening 850-hPa low along the
Atlantic coast. The strengthening circulation enhanced
the warm-air advection and moisture transport over

the middle Atlantic states while moderate to heavy
snowfall was developing in the region.

• The LLJ continued to amplify to near 50 m s�1 on 8
February as the surface and 850-hPa low intensified
and raced to the northeast. The strongest winds re-
mained over the Atlantic Ocean east and south of the
circulation center for this case.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm also occurred during the snowy winter of
1966/67, which was marked by a weak La Niña. Al-
though much of January 1967 was dominated by a
negative North Atlantic Oscillation (NAO), the index
reversed through much of February and March 1967,
when the NAO was positive. Daily values of the NAO



444 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 10.11-2. Twelve-hourly surface weather analyses for 0000 UTC 6 Feb–1200 UTC 8 Feb 1967. See Fig. 10.1-1 for details.
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FIG. 10.11-3. Twelve-hourly 850-hPa analyses for 0000 UTC 6 Feb–1200 UTC 8 Feb 1967. See Fig. 10.1-3 for details.
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FIG. 10.11-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 6 Feb–1200 UTC 8 Feb
1967. See Fig. 10.1-4 for details.
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FIG. 10.11-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 6 Feb–1200 UTC 8 Feb 1967.
See Fig. 10.1-5 for details.
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show that the storm developed during the very be-
ginning of the 2-month period in which the NAO tend-
ed positive, but actually occurred during a 2-day pe-
riod in which the NAO remained slightly negative.

• A deep trough propagating slowly across eastern Can-
ada on 6 February produced highly confluent flow
over southeastern Canada and the northeastern United
States. An anticyclone with very cold surface tem-
peratures moved into New England and toward the
middle Atlantic states on 6–7 February beneath the
confluent upper-level flow.

• The first weakening cyclone that propagated to the
south of New York City at 1200 UTC 6 February was
associated with a weak trough over the Ohio Valley.
Although this trough was not easy to identify in the
geopotential height field within the strongly confluent
flow over the Ohio Valley and New England, there
was an area of cyclonic vorticity advection over the
Ohio Valley at 0000 UTC 6 February and over the
middle Atlantic states at 1200 UTC 6 February.

• A trough over northern Mexico and another trough
propagating southeastward downwind of a high-am-
plitude ridge along the Pacific coast set the stage for
the second, more intense cyclone on 6–7 February.
As the trough became better defined over the central
United States at 0000 UTC 7 February, a separate
vorticity maximum became apparent over Louisiana.
The trough advanced rapidly to southeastern Canada
by 1200 UTC 8 February, while the sea level cyclone
intensified along the East Coast.

• No closed cyclonic circulation developed at 500 hPa
and no distinct minimum in the geopotential height
field was observed until 1200 UTC 8 February over
extreme eastern Canada. Unlike most of the other cas-
es, this system did not appear to have a marked dif-
fluent region downstream of the trough axis until it
reached eastern Canada, even though the trough de-
veloped a slight northwest–southeast (negative) tilt
after 1200 UTC 7 February. The absence of this fea-
ture may be related to the rapid acceleration of the
entire storm system after 0000 UTC 7 February. The
geopotential height gradients increased at the base of
the trough after 0000 UTC 7 February, during the
period of rapid cyclogenesis.

• Large increases in amplitude were associated with
geopotential height rises near the East Coast down-
stream of the trough at 0000 and 1200 UTC 7 Feb-
ruary, as the cyclone was developing along the South-
east and middle Atlantic coasts. There was little
change in the half-wavelength between the trough and
downstream ridge until the cyclone was east of New-
foundland on 8 February.

• There is evidence of the dual-jet pattern that marks
many of these cases with a northern jet streak ex-
tending into New England from the Ohio Valley by
1200 UTC 6 February and 0000 UTC 7 February, and
with a developing southern jet near 70 m s�1 ap-
proaching the East Coast by 1200 UTC 7 February.

• A 60 m s�1 polar jet streak was analyzed within the
confluent region across the Ohio Valley and New Eng-
land from 1200 UTC 5 February through 1200 UTC
6 February. This jet accompanied the first, weak sur-
face low and was associated with the outbreak of cold
air to the rear of this cyclone. Furthermore, the first
band of snow appears to develop in the right entrance
region of the jet streak on 6 February.

• During 7 February, the surface low was located in the
exit region of the 60 m s�1 jet to the south of the
trough and the entrance region of the jet streak over
New England and southeastern Canada, a pattern that
is similar to that found in other cases. Nevertheless,
the exit region of the southern jet is not marked by
diffluence and significant along-stream wind varia-
tions as is the case in many of the other cases in the
sample.

e. 250-hPa geopotential height and wind analyses

• This case is marked by a broad trough that nearly
extends across much of Canada and the United States,
reflecting the very cold air that accompanied this
storm, which penetrated far into the south-central and
middle Atlantic states.

• A short-wave trough is analyzed, extending to south-
eastern Canada by 0000 UTC 7 February, as is a weak-
ly defined trough moving rapidly from the south-cen-
tral United States into New England by 0000 UTC 8
February.

• Large increases in the upper-level wind to greater than
80 m s�1 are observed in the confluent region over
Pennsylvania and New York by 0000 UTC 7 February,
as the precipitation shield expanded rapidly to the
northeast on 7 February and cyclogenesis commenced
in the Southeast.

• Wind speeds within the subtropical jet over the south-
eastern United States increased by greater than 20 m s�1

during the 24-h period ending at 1200 UTC 6 Feb-
ruary, as precipitation developed across the Gulf coast.
Wind speeds in the subtropical jet continued to in-
crease to greater than 90 m s�1 along the East Coast
by 0000 UTC 8 February, as the cyclone moved rap-
idly northeastward into Canada and continued to in-
tensify.
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A pedestrian fights the wind in Manhattan during the Lindsay Storm, Feb 1969 (source is
NOAA Historical Photograph Collection, photo courtesy of Donald Sutherland’s digital
photography library, www.geocities.com/donsutherland1/snow1.html).
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TABLE 10.12-1. Snowfall amounts for urban and selected
locations for 8–10 Feb 1969; see Table 10.1-1 for details.

NESIS � 3.34 (category 2)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–John F. Kennedy Airport
Boston, MA

5.0 in. (13 cm)
3.0 in. (8 cm)
2.9 in. (7 cm)

20.2 in. (51 cm)
11.1 in. (28 cm)

Other selected snowfall amounts
Bedford, MA
Portland, ME
Bridgeport, CT
Hartford, CT
Worcester, MA

25.0 in. (64 cm)
21.5 in. (55 cm)
17.7 in. (45 cm)
15.8 in. (40 cm)
15.6 in. (40 cm)

12. 8–10 February 1969

a. General remarks

• This cyclone is known as the ‘‘Lindsay Storm’’ in
New York City since Mayor John Lindsay ran into
political misfortune after sections of the city remained
unplowed for a week following the snowfall. The
storm was poorly predicted in New York City as fore-
casters first thought the precipitation would fall pri-
marily as rain. Even when it appeared that snow would
predominate on 9 February, predicted snowfall
amounts persistently lagged the actual totals, as snow
continued to fall long past the time it was forecast to
cease. The rapid development and deceleration of the
storm brought paralyzing snow and increasing winds
from northern New Jersey through most of New Eng-
land.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): northern New Jersey, south-
eastern New York (except eastern Long Island), most
of Connecticut, central and northern Rhode Island,
Massachusetts (except the southeast), Vermont (ex-
cept the northwest), New Hampshire, and southern
and central Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): parts of the New York City
and Boston metropolitan areas, western Connecticut,
western and eastern Massachusetts, southern Vermont,
northern Rhode Island, eastern New Hampshire, and
southern Maine.

b. Surface analyses

• Bitterly cold air neither preceded nor followed the
passage of this storm. This case was unusual in that
no large, cold surface anticyclone was present over
Ontario, Quebec, or northern New England immedi-
ately prior to East Coast cyclogenesis. Instead, a rather
meager 1022-hPa anticyclone drifted off New England
by 0000 UTC 9 February, resulting in southeasterly
winds along the coast late on 8 February and tem-
peratures slightly above freezing. The winds backed
to a northeasterly direction along the Atlantic coast
as the secondary low developed rapidly and moved
northeastward off the Virginia coast on 9 February.

• Very weak cold-air damming was observed along the
middle Atlantic coast on 8 February as the moderately
cold high pressure system crossed New England.

• The primary surface low propagated east-northeast-
ward from Oklahoma to Kentucky in the 24-h period
ending at 0000 UTC 9 February, covering approxi-
mately 1000 km. Little change in the central sea level
pressure occurred during this period, but moderate to
heavy rain was observed north of the low from Mis-
souri to Ohio on 8 February. This low weakened rap-
idly as a secondary center developed along the East

Coast between 0000 and 1200 UTC 9 February. The
primary cyclone disappeared within 9 h of the com-
mencement of secondary cyclogenesis.

• The secondary low pressure system formed over Geor-
gia after 1800 UTC 8 February as heavy rains de-
veloped in the Carolinas. Mixed snow and rain spread
across the middle Atlantic states between 0000 and
0600 UTC 9 February, with wet snow predominating
in northern Virginia, central Maryland, eastern Penn-
sylvania, and New Jersey. Generally light to moderate
precipitation amounts were observed in these loca-
tions. Heavy snow developed from New Jersey north-
ward by 1200 UTC 9 February.

• The secondary low developed inland over Georgia
along the warm front of the primary low pressure
system. Although there was some tendency for this
front to extend itself to the Southeast coast where
small land–sea air temperature differences were ob-
served, it cannot strictly be called a coastal front.

• The low pressure center moved northeastward from
the North Carolina coast to near Long Island by 0000
UTC 10 February, then eastward off Cape Cod by
1200 UTC 10 February. The low deepened 32 hPa
over an 18-h period, reaching 970 hPa by 0000 UTC
10 February just east of Long Island.

• The forward motion of the secondary low slowed dra-
matically on 9 February, with the center advancing
only 200 km in 12 h. The storm’s slow movement
prolonged the snowfall from New York City across
much of New England.

c. 850-hPa analyses

• Very weak cold-air advection was observed on 8 Feb-
ruary across the northeastern United States prior to
East Coast cyclogenesis. Lower-tropospheric temper-
atures ranged between 0� and �10�C from Virginia
to Maine.

• The 850-hPa low supporting the development of the
primary low was located at the edge of an intense
temperature gradient over the southern plains states
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FIG. 10.12-1. Snowfall (in.) for 9–10 Feb 1969. See Fig. 10.1-1 for details.

at 0000 UTC 8 February, which weakened as the low
drifted eastward toward the Ohio Valley in the fol-
lowing 24 h. A tongue of warm air was located north-
east and east of the 850-hPa center on 8 February,
yielding rain in the Ohio Valley.

• A separate 850-hPa low began deepening along the
East Coast after 0000 UTC 9 February as the primary
surface low was crossing the Ohio Valley. The 850-
hPa deepening rate reached a maximum of �150 m
(per 12 h) between 1200 UTC 9 February and 0000
UTC 10 February along the coast, concurrent with a
20-hPa intensification of the secondary surface low
off the middle Atlantic coast.

• An elongated region of height falls from Ohio to South
Carolina at 0000 UTC 9 February suggested second-
ary 850-hPa low development over the southeastern
United States. Secondary development toward North
Carolina was also supported by the large temperature

gradient between Georgia and Virginia, well south and
east of the main 850-hPa low center.

• A pattern of strong cold-air advection behind the 850-
hPa low emerged over Texas and Oklahoma by 1200
UTC 8 February, 12 h prior to the onset of secondary
cyclogenesis along the East Coast. Southwesterly
winds increased over Louisiana, Mississippi, and Al-
abama, initiating the stronger warm-air advection that
later attended the early stages of secondary cyclogen-
esis along the Atlantic coast at 0000 UTC 9 February.
The warm advection was greatest in the region with
enhanced geopotential height falls and where precip-
itation was breaking out across the Carolinas.

• The isotherms began to exhibit an S shape by 1200
UTC 9 February, at the start of rapid cyclogenesis off
the Virginia coast. The 0�C isotherm was consistently
located near the 850-hPa low center.

• A strong low-level jet (LLJ) with winds exceeding 25
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FIG. 10.12-2. Twelve-hourly surface weather analyses for 0000 UTC 8 Feb–1200 UTC 10 Feb 1969. See Fig. 10.1-2 for details.
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FIG. 10.12-3. Twelve-hourly 850-hPa analyses for 0000 UTC 8 Feb–1200 UTC 10 Feb 1969. See Fig. 10.1-3 for details.
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FIG. 10.12-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 8 Feb–1200 UTC 10 Feb
1969. See Fig. 10.1-4 for details.
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FIG. 10.12-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 8 Feb 1969 through 1200 UTC 10 Feb 1969. See Fig.
10.1-5 for details.
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m s�1 developed south and east of the deepening 850-
hPa low by 1200 UTC 9 February. There is some
indication of cross-contour flow as the LLJ developed
rapidly and then appeared to wrap itself around the
intensifying vortex by 0000 UTC 10 February with
maximum winds exceeding 35 m s�1.

• Easterly winds in the vicinity of the 850-hPa low
strengthened markedly during the 12-h period ending
at 0000 UTC 10 February, when rapid surface deep-
ening was in progress and heavy precipitation was
spreading across New York and New England, just
downwind of this wind maximum. Wind speeds in-
creased to greater than 40 m s�1 in the easterly LLJ
by 1200 UTC 10 February as the storm reached its
maximum intensity off the New England coast.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• The winter of 1968/69 combined both a significant El
Niño and negative North Atlantic Oscillation (NAO),
similar to that which occurred in the winters of 1957/
58, 1963/64, and 1965/66. The magnitude of this El
Niño (Fig. 2–19, volume I) was smaller than the strong
El Niños of 1957/58, 1972/73, 1982/83, 1986/87,
1991/92, and 1997/98. Daily values of the NAO en-
tered a negative phase in mid-December 1968 and
remained consistently negative throughout the rest of
the winter before going into a positive period in the
last days of March. This storm occurred as negative
values of the NAO were decreasing daily before reach-
ing a nadir around 15–18 February. The 500-hPa anal-
yses show an upper ridge over south-central Green-
land, but the center of the upper ridge appears to be
much farther southeast, over the central Atlantic.

• Prior to the major storm along the East Coast, a large
cyclonic vortex drifted northward over eastern Canada
on 8 February. This trough seems to stall and extend
southward into the Great Lakes by 1200 UTC 9 Feb-
ruary. Weak confluence was briefly observed over the
northeastern United States at 1200 UTC 8 February
but eroded over the next 24 h as a weak surface high
drifted eastward into New England on 8 February. The
absence of confluence over the northeastern United
States represents a marked deviation from the precyclo-
genetic conditions of the other major snowstorms.

• The trough associated with the developing storm was
located in the south-central United States by 0000
UTC 8 February, immediately downstream of an am-
plifying ridge in the northwestern United States and
southwestern Canada. The trough propagated east-
ward from the central plains as the primary cyclone
moved into the Ohio Valley on 8 February, reaching
the middle Atlantic coast as the secondary cyclone
developed along the East Coast on 9 February.

• A distinct vorticity maximum was evident at the base
of the trough, where cyclonic curvature and shear

were maximized. The primary and secondary cyclo-
genesis both occurred downstream of this vorticity
maximum beneath the region of large vorticity ad-
vections.

• Between 0000 UTC 8 February and 0000 UTC 9 Feb-
ruary, there was little change in the configuration of
the geopotential height field that defined the trough
as it propagated toward the East Coast. However, be-
tween 1200 UTC 9 February and 1200 UTC 10 Feb-
ruary, geopotential height values within the trough
dropped significantly, with a closed 500-hPa low de-
veloping by 0000 UTC 10 February. Furthermore, this
trough seemed to develop a negative tilt and merge
with the Canadian trough extending southward into
the Great Lakes by 1200 UTC 9 February. These
changes occurred during the period of rapid intensi-
fication of the surface cyclone along the East Coast.

• Diffluence was observed downwind of the trough at
all times. The rapid development of the secondary
cyclone between 0000 and 1200 UTC 9 February co-
incided with the passage of the diffluent height con-
tours across the coastline.

• The amplitude of the trough over the northeastern
United States and the downstream ridge increased,
especially between 0000 UTC 9 February and 0000
UTC 10 February, as the ridge surged northward into
eastern Canada during rapid cyclogenesis. The half-
wavelength decreased between the trough and the
downstream ridge off the East Coast, especially by
1200 UTC 9 February as precipitation spread across
the Northeast and the cyclone began to deepen rapidly.

• Unlike other cases, the confluent entrance region of a
northern jet remained well to the north, with the jet
axis bisecting southeastern Canada. This lack of a
confluent jet is consistent with the lack of colder air
preceding this storm.

• A separate jet upstream of the trough over the southern
plains appeared to propagate with the trough on 8
February, then merged with a jet system extending
from the Great Lakes by 1200 UTC 9 February. Wind
speeds at 400 hPa increased to greater than 50 m s�1

near and upstream of the trough axis between 0000
UTC 8 February and 0000 UTC 9 February, prior to
the East Coast surface development.

• The secondary surface low and its associated precip-
itation shield and the rapid accelerations associated
with the LLJ all developed in the diffluent exit region
of this jet system as it amplified at the base of the
trough while propagating toward the East Coast be-
tween 0000 and 1200 UTC 9 February. Wind speeds
continued to increase to greater than 60 m s�1 at the
base of the trough at 1200 UTC 9 February.

e. 250-hPa geopotential height and wind analyses

• The geopotential height fields depict a general west
to east flow with uniform gradients in the precyclo-
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genetic environment. The trough in the middle United
States is the dominant feature through 0000 UTC 9
February.

• The merging of this trough with the Canadian trough
extending south to the Great Lakes region is clearly
evident by 1200 UTC 9 February.

• A subtropical jet was observed at 250 hPa downstream
of the trough, which was approaching the East Coast
between 0000 UTC 8 February and 0000 UTC 9 Feb-

ruary. The subtropical jet was similar to those ob-
served in other cases, and amplified to 80 m s�1 as it
propagated across the southern United States at 1200
UTC 9 February.

• While there is some evidence of a separate jet system
in the Ohio Valley on 8 February as the primary low
moved slowly eastward, this feature is relatively weak
compared to other cases and reflects the lack of colder
air observed prior to this storm.
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Snowdrifts cover fences and cars in West Peabody, Massachusetts (Boston Globe photo from Weatherwise
Magazine, 1969, p. 235).
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TABLE 10.13-1. Snowfall amounts for urban and selected
locations for 22–28 Feb 1969; see Table 10.1-1 for details.

NESIS � 4.01 (category 3)

Urban center snowfall amounts
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

1.9 in. (5 cm)
1.7 in. (4 cm)

26.3 in. (67 cm)

Other selected snowfall amounts
Mount Washington, NH
Pinkham Notch, NH
Long Falls Dam, ME
Old Town, ME
Rockport, MA
Portland, MA

97.8 in. (248 cm)
77.3 in. (196 cm)
56.0 in. (142 cm)
43.6 in. (111 cm)
39.0 in. (99 cm)
26.9 in. (68 cm)

13. 22–28 February 1969

a. General remarks

• This was an unusual storm due to its slow movement,
long duration, moderate intensity, erratic intensifica-
tion, lack of large thermal contrast at the surface, and
chaotic upper-level geopotential height patterns. The
storm produced excessive amounts of snow across
New England with accumulations of greater than 30
in. (75 cm) across large sections of eastern Massa-
chusetts, New Hampshire, and Maine, with 40 in.�
(100 cm) snows observed in a large area from New
Hampshire to Maine.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): central and northern Con-
necticut and Rhode Island, central and eastern Mas-
sachusetts (except Cape Cod and the Islands), eastern
Vermont. New Hampshire, and most of Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): eastern Massachusetts,
northeastern Vermont, New Hampshire, and most of
Maine.

b. Surface analyses

• A large anticyclone was anchored over Hudson Bay
prior to and during cyclogenesis (1040 hPa). The air
immediately along the East Coast during the storm
period was maritime in origin, however, with tem-
peratures generally between �5� and 5�C.

• A ridge of high pressure extending down the East
Coast prior to cyclogenesis reflected the cold-air dam-
ming on 22 and 23 February.

• The development of a primary surface low was ill
defined. An inverted trough initially in the Ohio Valley
slowly evolved into a weak low pressure center, which
meandered northeastward over the eastern Great
Lakes on 23–24 February. This system exhibited no
frontal structure and was attended by only light pre-
cipitation.

• A second inverted trough and coastal front developed
along the Southeast coast by 1200 UTC 23 February.
A weak cyclone then formed along the coastal front.
The surface low deepened slowly [�4 hPa (12 h)�1]
as it propagated from near the Virginia capes to a
position east of New Jersey between 0000 and 1200
UTC 24 February. The low then intensified more rap-
idly in the following 12-h period off the southern New
England coast as its central pressure fell 10 hPa to
994 hPa by 0000 UTC 25 February. Heavy snowfall
developed over southeastern New England during this
period. Little deepening occurred thereafter. The sur-
face low drifted very slowly after 1200 UTC 24 Feb-
ruary, moving only 250 km in 24 h.

• The cyclone meandered near the southeastern New

England coast from 25 to 28 February, prolonging the
heavy snowfall in eastern New England.

• Sea level pressure gradients to the north and northeast
of the surface low were moderately intense, with
winds approaching gale force only along the New
England coast.

c. 850-hPa analyses

• The 850-hPa charts provide evidence for blocked flow
with a trough over the Great Lakes and over the At-
lantic Ocean separated by a strong ridge along the
coast, capped off by a significant anticyclone over
south-central Canada on 23–24 February.

• Cold-air advection associated with northwesterly flow
was not observed at 850 hPa over the northeastern
United States prior to this storm.

• Two separate 850-hPa low centers were observed in
this case. The first and weaker low moved northward
from Kentucky to Michigan on 23 February. This sys-
tem was associated with the inverted trough, surface
low, and light precipitation over the Ohio Valley. The
low was located in a weak and poorly defined 850-
hPa temperature gradient. It propagated far to the
north and west of the 0�C isotherm and did not deepen
appreciably.

• A second 850-hPa low formed by 1200 UTC 23 Feb-
ruary along a band of somewhat enhanced temperature
gradients near the Carolina coast. This center was as-
sociated with the sea level cyclone that moved north-
eastward along the Atlantic seaboard. The 850-hPa
low deepened slowly at first, as it drifted up the East
Coast. More vigorous deepening ensued after 1200
UTC 24 February coinciding with the more rapid de-
velopment of the surface low.

• The initial development of the 850-hPa lows in the
Great Lakes region and then along the Carolina coast
was not marked by the strong cold-air advection west
of the center that characterized many of the other cas-
es. A weak S-shaped isotherm pattern developed along
the East Coast by 1200 UTC 24 February as warm-
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FIG. 10.13-1. Snowfall (in.) for 22–28 Feb 1969. See Fig. 10.1-1 for details.

air advection increased along the Northeast coast. The
low initially formed on the warm side of the 0�C iso-
therm, but was located closer to the 0�C line during
cyclogenesis near New England late on 24 February
and on 25 February.

• The cyclone evolved in the most diffuse 850-hPa tem-
perature field of the survey. However, a very narrow,
yet significant, 850-hPa temperature gradient formed
over New England by 1200 UTC 24 February as the
cyclone was beginning to intensify and heavy snow
was falling in southeastern New England.

• Southeasterly to easterly winds and their associated
moisture transports strengthened to the north of the
coastal low center on 24 and 25 February as the system
intensified and heavy snow fell across eastern New
England. The wind speeds increased to 30 m s�1 in
the low-level jet (LLJ) by 1200 UTC 26 February,
directed toward the heaviest snows in Maine and New
Hampshire. Heaviest snows fell within an area in

which an easterly LLJ remained directed overhead for
at least 36 h.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• As with the previous storm during the same month,
this storm occurred during a winter dominated by El
Niño conditions and a negative North Atlantic Oscil-
lation (NAO). Daily values of the NAO reached a
nadir on 15–18 February, then rose before the storm
developed. Negative NAO values then leveled off dur-
ing the evolution of the storm. Despite the occurrence
of a negative NAO, 500-hPa analyses are not sug-
gestive of a strong cutoff upper ridge near Greenland,
characteristic of other cases that occurred during a
negative NAO.

• The precyclogenetic geopotential height field at 500
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hPa did not exhibit the coherent trough–ridge patterns
found in the other cases. An unusually large number
of trough and ridge features can be identified across
North America on 22–23 February, suggestive of a
blocking pattern that could account for the slow move-
ment of the storm.

• Troughs over the south-central United States and
southwestern United States at 1200 UTC 22 February
later influenced the growth of the East Coast storm.
The 500-hPa chart also showed a trough off the West
Coast, closed cyclonic circulations north of Montana
and near Bermuda, and a ridge along the East Coast.
A trough in southeastern Canada produced confluent
flow, which was associated with the large surface an-
ticyclone located over eastern Canada on 23 February.

• A trough in the Ohio Valley was associated with the
inverted surface trough, a weak cyclone, and light
precipitation across the eastern United States on 23
February. A second trough in the southwestern United
States propagated to the East Coast by 24 February.
It appeared to merge with the Ohio Valley trough by
0000 UTC 25 February, and may have influenced the
more rapid development of the storm near New Eng-
land on 24–25 February.

• Two separate cyclonic vorticity maxima were ob-
served in connection with the two troughs over the
central and eastern United States between 1200 UTC
23 February and 1200 UTC 24 February. The cyclonic
vorticity maximum initially associated with the weak
Ohio Valley trough first tracked eastward, then turned
southeastward toward the middle Atlantic coast by 26
February. The second vorticity maximum was asso-
ciated with the separate trough–jet system that crossed
the southern United States between 22 and 25 Feb-
ruary, located off the North Carolina coast by 0000
UTC 25 February.

• After 1200 UTC 24 February, the chaotic regime of
small-amplitude, high-wavenumber features evolved
into a simpler, more organized lower-wavenumber pat-
tern with troughs and ridges of increasing amplitude
that take on blocking characteristics. A major trough
remained off the West Coast with a ridge over central
North America and a deep, closed cyclonic vortex
along the Atlantic seaboard, reflecting the develop-
ment of the surface cyclone near the East Coast, with
a downstream ridge extending into southeastern Can-
ada and a cutoff low farther downstream over the
North Atlantic Ocean.

• A pattern of weak diffluence was evident as early as
1200 UTC 23 February. A more pronounced pattern
of diffluence was observed by 0000 and 1200 UTC
25 February, following the only 12-h period in which
the surface low intensified rapidly.

• Over the 36-h period between 0000 UTC 23 February
and 1200 UTC 24 February, during which the surface
low deepened and moved toward New England, the
amplitude between the troughs along the coast and the

downstream ridge appeared to decrease, a deviation
from the other cases examined. The half-wavelength,
however, also decreased during this time, a factor that
is consistent with the other cases.

• The passage of a trough across the southeastern United
States on 24–25 February was followed by a general
increase in amplitude as a longer-wavelength trough–
ridge pattern and a probable blocking situation became
established over the United States. The emergence of
the low-wavenumber regime was associated with the
slow movement of the storm off the coast for the
following 3–4 days.

• This case is marked by the absence of a confluent jet
streak in the Great Lakes to New England area during
the precyclogenetic period. The southern jet streak is
a dominant factor throughout the entire period.

• A jet marked by wind speeds of less than 50 m s�1

at 300 hPa was located in the confluent region south
of a small cutoff low over eastern Canada on 23 Feb-
ruary. This jet probably influenced the large surface
anticyclone over eastern Canada, although this pattern
was relatively weak and poorly defined as compared
to the other cases.

• Although the 500-hPa geopotential height fields were
chaotic, clearly defined upper-level jet streaks ex-
tended from northern Mexico to the Southeast coast
from 23 to 25 February. These features were observed
over the region of largest height gradients along the
periphery of the chaotic trough pattern. Wind speeds
generally exceeded 40 m s�1 at 400 hPa for the entire
observing period. The cyclonic wind shear associated
with each jet streak embedded within this flow regime
contributed to the separate vorticity maxima observed
over the southern United States prior to cyclogenesis.
The evolution of the various jet streaks and troughs
into one coherent, negatively tilted system by 1200
UTC 25 February is analyzed for this case, to the east
of the coastline, and well south of the developing low.

e. 250-hPa geopotential height and wind analyses

• The upper troposphere was marked by a general west
to east flow regime, with the short-wave troughs noted
at 500 hPa still evident at this level. The height gra-
dients are maximized along a line from near the Gulf
coast and the Atlantic coast off South Carolina and
Georgia.

• A strong subtropical jet (STJ) is located within this
region. The STJ amplified to speeds greater than 80
m s�1 on 23–24 February and slowly decreased in
magnitude thereafter.

• This is no evidence of any northern jet at this level
prior to, during, or after the surface cyclogenesisi
along the East Coast, an attribute that is quite different
from many other major East Coast snowstorms.
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East End Ave, New York City, Dec 1969 (photo courtesy of Kevin Ambrose, Great Blizzards of New York City,
Historical Enterprises, 1994).
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TABLE 10.14-1. Snowfall amounts for urban and selected
locations for 25–28 Dec 1969; see Table 10.1-1 for details.

NESIS � 5.19 (category 3)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

12.1 in. (31 cm)
6.1 in. (15 cm)
5.2 in. (13 cm)
7.4 in. (19 cm)
4.2 in (11 cm)

Other selected snowfall amounts
Burlington, VT
Albany, NY
Binghamton, NY
Williamsport, PA
Roanoke, VA
Hartford, CT
Harrisburg, PA

29.8 in. (76 cm)
26.4 in. (67 cm)
21.9 in. (56 cm)
17.2 in. (44 cm)
16.4 in. (42 cm)
15.2 in. (39 cm)
12.9 in. (33 cm)

14. 25–28 December 1969

a. General remarks

• This storm was a near miss (see chapter 5, volume I)
for the large cities of the northeastern United States
as heavy snow turned to rain (and back to snow in
many areas). The heaviest snow fell immediately north
and west of the coastal plain. This system is one of
the heaviest snowstorms on record for eastern and
northern New York. Accumulations of greater than 20
in. (50 cm) covered a wide area of central and eastern
New York into northwestern New England.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): western Virginia, western
Maryland, portions of West Virginia, central and east-
ern Pennsylvania (except the extreme southeast), cen-
tral and eastern New York (except the coast), Con-
necticut (except the coast), central and western Mas-
sachusetts, Vermont, New Hampshire, and western
Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northeastern Pennsylvania,
much of eastern New York, and Vermont.

b. Surface analyses

• An anticyclone (1033 hPa) accompanied by cold sur-
face temperatures was centered north of New England
prior to 26 December. The high center drifted slowly
northeastward as cyclogenesis commenced along the
coast.

• Cold-air damming and coastal frontogenesis were
prominent along the East Coast on 25 December and
along the New England coast on 26 December.

• The surface low developed over Texas, well to the
south of an occluding cyclone near the Minnesota–
Canada border on 24–25 December. The low crossed
the Gulf coast states, then moved northeastward along
the coastal front near the East Coast on 25–26 De-
cember. Precipitation spread rapidly northeastward
with heavy snow falling along the Appalachian Moun-
tains by late on 25 December. The storm track’s close
proximity to the coastline combined with the location
of the surface anticyclone over extreme eastern Can-
ada acted to draw warmer air inland, resulting in snow
changing to rain over coastal areas. Central New Eng-
land experienced a severe ice storm.

• The surface low moved rapidly northeastward along
the East Coast between 0000 and 1200 UTC 26 De-
cember, then slowed considerably as it reached the
New Jersey shore. It then moved very slowly along
the New England coast for the following 24–36 h,
advancing at only 5–10 m s�1.

• Rapid intensification occurred during two periods. Be-
tween 0000 and 1200 UTC 26 December, the storm’s
central pressure fell 12 hPa in 12 h as it moved from

Georgia to New Jersey. During this period, heavy pre-
cipitation spread quickly across the middle Atlantic
states into New England. The following 12 h were
marked by little intensification as the surface low
moved very slowly from New Jersey to just east of
Long Island. The period between 0000 and 1200 UTC
27 December brought the second surge of rapid deep-
ening, as the central pressure fell another 12 hPa to
976 hPa, as the cyclone drifted toward the Massa-
chusetts coast. Snowfall rates increased to the west of
the storm center during this second period of inten-
sification, producing significant snow across Long Is-
land, a rare occurrence even in this type of storm. The
cyclone continued to drift slowly east-northeastward
in the following 24 h.

• The slow movement of the storm center after 1200
UTC 26 December contributed to the very heavy
snowfall in northern New York and Vermont. Con-
siderable warming also occurred over northern and
eastern New England as persistent onshore winds
raised temperatures well above freezing. The warm
air from the Atlantic and a wedge of cold air remaining
over western New England created a strong frontal
boundary across central New England on 27 Decem-
ber, and was an important factor in creating the con-
ditions for the ice storm in central New England.

c. 850-hPa analyses

• Only weak northwesterly flow and cold-air advection
were observed across the northeastern United States
on 24 December, as the colder air was already estab-
lished over the northeast prior to the snowstorm. The
850-hPa temperatures ranged from 0�C over North
Carolina to �15�C across northern New York and
New England.

• An 850-hPa low center was located near the U.S.–
Canadian border at 0000 UTC 25 December in as-
sociation with the occluding surface low over the
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FIG. 10.14-1. Snowfall (in.) for 25–28 Dec 1969. See Fig. 10.1-1 for details.

north-central United States. The cyclonic circulation
around this center produced warm-air advection across
the Great Lakes region through 0000 UTC 26 Decem-
ber.

• The 850-hPa low center that was associated with the
major storm drifted eastward from the south-central
to the southeastern United States on 25 December. The
low center deepened very slowly as the surface low
crossed the Gulf coast. It then experienced two 12-h
periods of rapid deepening, concurrent with an inten-
sification period of the surface low. The first period
occurred between 0000 and 1200 UTC 26 December
(�90 m per 12 h), with the second period occurring
between 0000 and 1200 UTC 27 December (�90 m
per 12 h). During the 12-h interval separating these
periods, the 850-hPa low center deepened at a rate of
only �30 m (12 h)�1.

• The 850-hPa low developed along an east–west ther-
mal ribbon extending across the southern United

States. Cold-air advection behind the low increased
across Texas by 1200 UTC 25 December while strong
warm-air advection east of the low coincided with the
rapid outbreak of moderate to heavy precipitation.
These amplifying advections resulted in an S-shaped
isotherm pattern along the coast by 1200 UTC 26
December. This pattern gradually became oriented
north to south from the Carolinas to Maine on 27
December, as the low moved over Massachusetts and
warmer air moved over Long Island and coastal New
England, changing the snow to rain in that region.

• A southerly low-level jet (LLJ) exceeding 25 m s�1

developed over Mississippi and Alabama by 1200
UTC 25 December and shifted to the Southeast coast
by 0000 UTC 26 December, immediately prior to the
first period of rapid deepening along the Atlantic
coast. Coastal frontogenesis occurred and precipita-
tion broke out across the southeastern states during
this period. The jet formed as the rapidly advancing
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FIG. 10.14-2. Twelve-hourly surface weather analyses for 0000 UTC 25 Dec–1200 UTC 27 Dec 1969. See Fig. 10.1-2 for details.
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FIG. 10.14-3. Twelve-hourly 850-hPa analyses for 0000 UTC 25 Dec–1200 UTC 27 Dec 1969. See Fig. 10.1-3 for details.
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FIG. 10.14-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 25 Dec–1200 UTC 27
Dec 1969. See Fig. 10.1-4 for details.
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FIG. 10.14-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 25 Dec–1200 UTC 27 Dec 1969.
See Fig. 10.1-5 for details.
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and deepening 850-hPa low encountered a slower-
moving ridge to its east. As a result, the geopotential
height gradients increased along the Southeast coast.

• The LLJ continued to intensify to greater than 30 m
s�1 and extended on a north–south axis toward Long
Island and southern New England as the 850-hPa low
intensified over the middle Atlantic coast at 1200 UTC
26 December. The enhanced warm-air advection as-
sociated with this jet system quickly changed the snow
to rain and freezing rain east of the storm center.

• The LLJ began to wrap around the north of the low
by 1200 UTC 26 December, as the cyclone was un-
dergoing its first period of rapid deepening. The south-
erly and easterly low-level jets enhanced the moisture
transports into regions of heavy precipitation at this
time. By 1200 UTC 27 December, the LLJ took on a
southeasterly orientation and increased to over 55 m s�1

(the highest analyzed for all cases) off the New Eng-
land coast as the entire system underwent the second
period of rapid deepening.

d. 500-hPa geopotential height and 400-hPa analyses

• The winter of 1969/70 was a continuation of the long-
period El Niño that was continuing from the previous
winter. This storm occurred during a period in which
daily values of the North Atlantic Oscillation (NAO)
fluctuated between slightly negative and slightly pos-
itive. The 3-day period in which this storm evolved
was marked by an NAO that tended to be negative.
Immediately following the occurrence of the storm,
the NAO went into a pronounced negative phase for
much of January 1970, a very cold month for the
Northeast.

• The period prior to 26 December was marked by near-
ly zonal flow across much of the southern United
States with no high-amplitude features present any-
where over North America on 24–25 December. This
pattern is consistent with the generally colder air that
was already in place across the north-central and
northeastern United States by 25 December.

• A trough over eastern Canada did not contain the geo-
potential height minimum, closed cyclonic circulation,
or intense vorticity gradients that marked many of the
other cases. The flow over New England and the Great
Lakes was not characterized by the degree of conflu-
ence seen in the precyclogenetic periods of many other
cases. A weakly defined pattern of confluent geopo-
tential heights was found across southern Ontario and
Quebec at 0000 and 1200 UTC 25 December, above
the surface anticyclone. A better-defined pattern of
confluence appeared across extreme eastern Canada
at 1200 UTC 26 December and 0000 UTC 27 De-
cember as the surface high drifted toward Newfound-
land.

• The cyclone’s development was linked to the ampli-
fication of a trough that propagated eastward from the
central United States after 0000 UTC 25 December
to the southeast coast by 1200 UTC 26 December. The
amplifying trough seemed to pivot about an ill-defined
cyclonic vortex over the Great Lakes region on 26
December. This feature was associated with the oc-
cluded, dying surface low pressure system over the
northern United States.

• The cyclonic vorticity maximum and vorticity advec-
tion patterns became much better defined by 1200
UTC 26 December as the trough and jet streak system
amplified over the south-central and southeast United
States.

• As the 500-hPa trough deepened over the southeastern
United States by 1200 UTC 26 December, it became
oriented from northwest to southeast (a negative tilt),
with a diffluent pattern appearing downwind of the
trough axis. These changes in trough structure oc-
curred as the surface low moved rapidly toward New
England and went through its first period of significant
deepening. By 1200 UTC 27 December, the 500-hPa
trough deepened into a closed circulation with easterly
flow extending up the 400-hPa level over New Eng-
land.

• Diffluence was observed over New England between
the trough and the downstream ridge. This coincided
with the second period of rapid deepening, as the sur-
face low moved very slowly along the New England
coast.

• The cyclogenetic period from 26 to 27 December was
characterized by a general increase of amplitude of
the trough–ridge pattern across the United States. A
large increase in amplitude occurred between the
trough over the eastern United States and the down-
stream ridge over New England and southeastern Can-
ada on 26 December.

• The half-wavelength of the trough and downstream
ridge shortened during cyclogenesis, especially be-
tween 0000 UTC 26 December and 0000 UTC 27
December.

• This case was marked by a dual-jet-streak pattern, like
many of the previous cases. However, by 0000 UTC
26 December, the northern jet became oriented on a
north–south axis with no confluent entrance region
over the Northeast to maintain the cold air along the
coast.

• The more southern jet streak propagated eastward with
the deepening trough, was located over the south-cen-
tral United States, and had wind speeds greater than
60 m s�1 by 1200 UTC 26 December.

• The initial development of the surface low and the
850-hPa LLJ appeared to occur beneath the exit region
of the jet system diving southeastward toward the Gulf
coast, and distinct entrance region of the north–south-
oriented jet extending from Georgia to New England
at 0000 UTC 26 December. However, the surface low
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and LLJ quickly moved northeastward along the coast
the following 12 h and were far removed from the
exit region of the southern jet by 1200 UTC 26 De-
cember, indicating that lateral coupling was not a fac-
tor in this case.

• The changeover to rain and freezing rain along the
Northeast coast on 26 December is consistent with
several ‘‘near miss’’ cases (volume I, chapter 5) in
which the 500-hPa trough undergoes amplification and
attains a negative tilt far to the south and west of the
East Coast (Mississippi and Alabama by 0000 UTC
26 December). This pattern, combined with lack of a
confluent entrance region of a northern jet over New
England, allowed warmer air to flood across the
Northeast urban corridor and southern New England.
Snow changed to rain by 1200 UTC 26 December as
far north as New York City, and changed to rain
throughout New England after 1200 UTC 26 Decem-
ber.

e. 250-hPa geopotential height and wind analyses

• The geopotential height analysis clearly reflects the
general westerly flow into the central United States
during the precyclogenetic period. The deepening
trough over the south-central and southeast United
States attained a negative tilt even up to this level by
0000 UTC 26 December.

• The most distinctive feature is the strong upper-level
jet that propagates into the south-central United States
upwind of the deepening trough prior to the onset of
cyclogenesis. The separate, southwest-to-northeast-
oriented jet amplified downwind of the trough axis as
the cyclone developed and moved northeastward
along the East Coast by 1200 UTC 26 December.

• The northern jet has the characteristics of an ‘‘out-
flow’’ jet emanating from the region of rapid cyclo-
genesis along the coast and very heavy snowfall oc-
curring over the more inland areas of the Northeast.
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A woman shovels snow in Fair Lawn, New Jersey, 18 Feb 1972 (photo by Edward Hausner).
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TABLE 10.15-1. Snowfall amounts for urban and selected
locations for 18–20 Feb 1972; see Table 10.1-1 for details.

NESIS � 4.19 (category 3)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

10.0 in. (25 cm)
3.2 in. (8 cm)
3.7 in. (9 cm)
6.3 in. (16 cm)
6.3 in. (16 cm)

Other selected snowfall amounts
Binghamton, NY
Williamsport, PA
Syracuse, NY
Portland, ME
Worcester, MA
Harrisburg, PA
Albany, NY

24.4 in. (62 cm)
22.8 in. (58 cm)
20.0 in. (51 cm)
15.4 in. (39 cm)
15.2 in. (39 cm)
13.0 in. (33 cm)
12.1 in. (31 cm)

15. 18–20 February 1972
a. General remarks

• This storm was one of the few to pose a threat of
heavy snow in the Northeast urban corridor during the
early and middle 1970s and another near miss for the
major cities as the heaviest snow fell immediately to
their west and north. Strong easterly winds and rough
seas caused significant damage along the middle At-
lantic and New England coasts.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): eastern West Virginia,
northern Virginia, central and northern Maryland,
Pennsylvania (except the west and southeast), north-
western New Jersey, New York (except the extreme
west and coastal regions), central and northern Con-
necticut, Massachusetts (except the southeast), Maine,
and parts of New Hampshire and Vermont.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): north-central Pennsylvania,
central New York, and parts of West Virginia.

b. Surface analyses

• An anticyclone (1035 hPa) was located to the north-
east of New England on 18 February, prior to East
Coast cyclogenesis. Its eastward location, in concert
with the surface low’s track close to the shoreline,
produced more of an east than northeasterly flow along
the coast. The resultant warming ensured that a sig-
nificant portion of the precipitation would fall as rain
within the Northeast urban corridor.

• Cold-air damming and coastal frontogenesis were ob-
served along the Southeast coast on 18 February, prior
to the coastal cyclogenesis.

• The primary low was a slow-moving, intense storm
over the upper Midwest. It filled 10 hPa in 24 h be-
tween 0000 UTC 18 February and 0000 UTC 19 Feb-
ruary as it moved over the Great Lakes. Despite the
obvious dissipation of the primary low, it remained
evident for 27 h after the onset of secondary cyclo-
genesis.

• A secondary low developed over southern Georgia
after 1200 UTC 18 February, 1600 km south of the
primary center. This separation represents the largest
distance between primary and secondary low centers
in the sample. The secondary low deepened rapidly
after 0300 UTC 19 February, with the central sea level
pressure falling 25 hPa in 12 h, reaching 975 hPa over
New Jersey by 1500 UTC 19 February.

• The secondary low propagated northeastward at an
average rate of 15 m s�1 along the Southeast coast.
The forward motion slowed along the middle Atlantic
and New England coast on 19 February. By 1800 UTC
19 February, the cyclone developed dual centers as it
moved slowly and erratically off the New Jersey and
New England coasts.

• An intense pressure gradient developed to the north-
east of the rapidly developing storm on 19 February
and was associated with very strong winds gusting to
30–35 m s�1, producing a strong easterly fetch of air
toward the middle Atlantic and southern New England
shorelines. Convergent winds associated with an in-
verted trough extending northward from the secondary
low may have been instrumental in the development
of heavy snowfall over central Pennsylvania, western
Maryland, and northern Virginia on 19 February.

c. 850-hPa analyses

• As in the previous case, the 24-h period prior to East
Coast cyclogenesis did not feature the northwesterly
flow and cold-air advection over the Great Lakes and
New England that characterized most of the other cas-
es. A small cyclonic system moving eastward over the
western Atlantic on 17 February contributed to a pat-
tern of weak cold-air advection in the middle Atlantic
states. The 850-hPa 0�C isotherm was displaced to the
North Carolina–South Carolina border by 0000 UTC
18 February.

• An intense 850-hPa low center drifted slowly eastward
over the upper Great Lakes region through 0000 UTC
19 February, yielding a distinct regime of southerly
winds and warm-air advection from the middle At-
lantic states to south-central Canada. This system was
located well to the north of the 0�C isotherm. It weak-
ened rapidly in the 24-h period after 1200 UTC 18
February as the largest temperature gradient pro-
gressed southward away from the low center.

• The circular low center over the upper Great Lakes
became elongated on a north–south axis during 18
February as cold-air advection west of the trough
drove the 0�C isotherm southward to the Gulf coast.
A new center developed over the Carolinas by 0000
UTC 19 February, near the 0�C isotherm. The Great
Lakes low center disappeared by 1200 UTC 19 Feb-
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FIG. 10.15-1. Snowfall (in.) for 18–20 Feb 1972. See Fig. 10.1-1 for details.

ruary as the secondary 850-hPa circulation intensified
rapidly along the East Coast.

• A northerly jet with wind speeds exceeding 25 m s�1

was established west of the low centers prior to sec-
ondary cyclogenesis, with cold-air advection occur-
ring throughout the south-central and southeastern
United States.

• The secondary 850-hPa low deepened 150 m in the
12-h period ending at 1200 UTC 19 February and 90
m in the following 12-h period.

• The secondary development began concurrent with an
increase in warm-air advection along the East Coast
by 0000 UTC 19 February. The 850-hPa low devel-
oped near the inflection point of a developing S-
shaped isotherm pattern. The temperature gradient in-
tensified along the East Coast by 1200 UTC 19 Feb-
ruary during a period when the surface and 850-hPa
lows deepened rapidly.

• The 850-hPa circulation pattern that developed by

1200 UTC 19 February is marked by a general in-
crease of winds with a distinct and intense south-
easterly-to-easterly jet forming to the north of the rap-
idly deepening low between 0000 and 1200 UTC 19
February. The jet attained wind speeds greater than
40 m s�1 by 0000 UTC 20 February and was directed
toward and coincided with the outbreak of heavy snow
and rain in the middle Atlantic states and New Eng-
land. This suggests that the increasing moisture inflow
associated with the intensifying low-level circulation
was an important factor in the expanding area of heavy
precipitation on 19 February.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during a period when La Niña
conditions were transitioning into one of the strongest
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FIG. 10.15-2. Twelve-hourly surface weather analyses for 0000 UTC 18 Feb–1200 UTC 20 Feb 1972. See Fig. 10.1-2 for details.
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FIG. 10.15-3. Twelve-hourly 850-hPa analyses for 0000 UTC 18 Feb–1200 UTC 20 Feb 1972. See Fig. 10.1-3 for details.
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FIG. 10.15-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 18 Feb–1200 UTC 20
Feb 1972. See Fig. 10.1-4 for details.
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FIG. 10.15-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 18 Feb–1200 UTC 20 Feb 1972.
See Fig. 10.1-5 for details.
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El Niños observed in the last half of the 20th century
(Fig. 2-19, volume I). The winter was characterized
by a slightly positive phase of the North Atlantic Os-
cillation (NAO), following four consecutive winters
in which a negative NAO was dominant. Daily values
of the NAO during this storm period were decidedly
positive.

• A trough over eastern Canada was associated with
confluence across the Maritime Provinces on 18–19
February. This confluence region was associated with
the surface anticyclone over eastern Canada that fun-
neled relatively cold air down the East Coast. The
Canadian trough and its associated confluence zone
continued moving eastward over the Atlantic Ocean
during the following 2 days.

• By 0000 UTC 19 February, the confluent area was
located far to the north and east of New England. The
withdrawal of the confluence zone from the northeast-
ern United States was consistent with the retreat of cold
air along the coast and the changeover from snow to
rain that occurred in many places on 19 February.

• A slowly amplifying ridge was established over the
western United States on 18 February. The trough that
was later linked to the major East Coast storm am-
plified over the central United States downstream of
the ridge on 18 and early 19 February, prior to cy-
clogenesis. This trough continued to amplify through
1200 UTC 19 February as it propagated toward the
East Coast.

• A 500-hPa geopotential height minimum over the
western Great Lakes on 18 February was nearly col-
located with the weakening primary surface low. This
feature disappeared by 1200 UTC 19 February as a
new cyclonic vortex deepened rapidly over the south-
eastern United States in association with the second-
ary cyclogenesis along the middle Atlantic coast.

• The cyclone over the Great Lakes was associated with
a cyclonic vorticity maximum that weakened by 19
February. The developing cyclone along the East
Coast was associated with a separate increasing and
intense vorticity maximum located over Georgia on
19 February that later swept northeastward along the
Southeast and middle Atlantic coasts on 19 and 20
February. This vorticity maximum intensified as the
curvature increased near the base of the amplifying
trough and the cyclonic shear associated with the jet
strengthened, especially between 1200 UTC 18 Feb-
ruary and 1200 UTC 19 February.

• The rapid development of the secondary cyclone oc-

curred beneath an increasingly diffluent geopotential
height pattern downwind of the trough between 0000
and 1200 UTC 19 February, as the trough axis became
oriented from northwest to southeast (a negative tilt).
Geopotential height gradients at the base of the trough
increased at 0000 UTC 19 February, immediately pri-
or to the rapid secondary cyclogenesis.

• The amplitude of the trough and downstream ridge
increased between 0000 UTC 18 February and 1200
UTC 19 February. There was also a shortening of the
half-wavelength between the trough and downstream
ridge during the secondary development, especially
between 0000 UTC 19 February and 0000 UTC 20
February.

• As in the December 1969 case, this storm does not
display an interaction of a northern and a southern jet
system that would maintain colder air in the Northeast
while a storm system developed and propagated north-
eastward along the East Coast.

• A 50–60 m s�1 jet streak is observed in the confluent
region over southeastern Canada on 18 February, but
it remained too far north and east to have much in-
fluence. The lack of cold-air advection at 850 hPa over
the Northeast during the precyclogenetic period is
consistent with this observation.

• The surface low that developed explosively near the
East Coast on 19 February and evolved into two cen-
ters off the Maine coast by 0000 UTC 30 February
appears to be located in the left-exit region of the
north–south-oriented jet streak east of the trough axis.

• The strong south–north-oriented jet east of the trough
axis that became negatively tilted over the Southeast
by 0000 UTC 19 February is consistent with the
changeover from snow to rain along the coast, as with
other ‘‘near miss’’ cases described in chapter 11.

e. 250-hPa geopotential height and wind analyses

• The height analyses at this level illustrate the general
westerly flow in the initial precyclogenetic period that
rapidly evolved into the deep, negatively tilted trough
by 19 February.

• While there is a hint of a dual-jet pattern east of the
trough axis at 1200 UTC 19 February and 0000 UTC
20 February, the lateral coupling is not entirely ob-
vious in this analysis, probably due to the lack of
observations off the coast for this case.



C H A P T E R 1 0 483T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

Cars covered in snow in New York City, Jan 1978 (source is The Weather Book, Little, Brown and Co., courtesy
of Donald Sutherland’s digital photography library, www.geocities.com/donsutherland1/snow1.html).
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TABLE 10.16-1. Snowfall amounts for urban and selected
locations for 19–21 Jan 1978; see Table 10.1-1 for details.

NESIS � 5.90 (category 3)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–John F. Kennedy Airport
Boston, MA

7.5 in. (19 cm)
5.6 in. (14 cm)

13.2 in. (34 cm)
14.2 in. (36 cm)
21.5 in. (54 cm)

Other selected snowfall amounts
Syracuse, NY
Charleston, WV
Newark, NJ
Bridgeport, CT
Hartford, CT
Pittsburgh, PA

18.9 in. (48 cm)
18.4 in. (47 cm)
17.8 in. (45 cm)
16.7 in. (42 cm)
15.5 in. (39 cm)
14.0 in. (36 cm)

16. 19–21 January 1978

a. General remarks

• For many of the urban centers that span the north-
eastern United States, this was the most debilitating
snowstorm since 1969. This storm was the last in a
series of three storms (one on 13–14 January, the next
on 17–18 January; see chapters 11.1 and 11.3) during
a week that produced a variety of winter weather con-
ditions across the Northeast. Along the coast, snowfall
was underforecast since a predicted changeover from
snow to rain either did not occur or took place after
significant accumulations had already occurred. Bos-
ton, Massachusetts, set its 24-h snowfall record with
this storm, only to have it broken 2 weeks later on 6–
7 February 1978 (next section). The storm was ac-
companied by wind gusts exceeding 20 m s�1 from
New Jersey to the New England coast.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): sections of West Virginia,
western and northern Virginia and Maryland, much
of Pennsylvania, central and northern New Jersey, and
much of New York and New England.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): portions of West Virginia,
western Maryland, central and northeastern New
York, eastern Massachusetts, and northern Rhode Is-
land.

b. Surface analyses

• At the beginning of the analysis, a surface low off the
Maine coast at 0000 UTC 19 January is associated
with the second in a series of three major snowstorms.
This storm was responsible for heavy snow accu-
mulations across inland sections of the northeastern
United States on 17–18 January (see chapter 11.1).
Rising sea level pressures and colder air followed the
passage of this storm as a large, cold anticyclone
(1046 hPa) over the northern plains states on 19 Jan-
uary built eastward toward northern New England.

• On 19 January, cold-air damming and an inverted sea
level pressure ridge developed east of the Appalachian
Mountains. At the same time, an inverted trough and
coastal front developed near the Carolina coast.

• The cyclone formed over the Gulf of Mexico on 18
January and moved northeastward across the eastern
Gulf of Mexico and along the East Coast on 19–20
January. The low propagated at about 15–20 m s�1

and tended to redevelop or ‘‘jump’’ northeastward
along the coastal front near the Carolina coast between
0000 and 1200 UTC 20 January.

• This storm exhibited rather erratic intensification. Af-
ter forming in the Gulf of Mexico, the central pressure
of the cyclone vacillated as it moved northeastward.
It deepened rapidly for only a brief period off the New

Jersey coast near 1800 UTC 20 January, at which time
the center reached its lowest pressure of 995 hPa.

• Although the minimum sea level pressure was not
particularly low relative to the other cases, the large
areal extent of the cyclone’s circulation and its inter-
action with the Canadian anticyclone to the north pro-
duced a widespread snowstorm accompanied by gale
force winds along the Atlantic coast. Winds increased
along the middle Atlantic coast on 20 January as the
distance between the anticyclone and the advancing
surface low decreased.

• The heaviest precipitation fell hundreds of kilometers
in advance of the surface low center, especially from
0000 through 1200 UTC 20 January, as the inverted
trough and coastal front became established along the
Carolina coast.

c. 850-hPa analyses

• West-to-northwesterly flow to the rear of the cyclone
moving northeastward past the Canadian Maritime
Provinces at 0000 UTC 19 January maintained low-
level cold-air advection across the northeastern United
States through 0000 UTC 20 January. The cold air
moved into New England and the middle Atlantic
states as an 850-hPa low developed along the Gulf
coast.

• This 850-hPa low developed in a broad southwest–
northeast baroclinic zone extending across the south-
eastern United States early on 19 January. The cy-
clonic circulation moved northeastward along the iso-
therm ribbon and expanded in areal extent during 19
January, covering much of the eastern United States
by 20 January.

• The 850-hPa low deepened only slowly as it propa-
gated from the Texas coast to southern New England.
The greatest intensification (�60 m per 12 h) occurred
between 1200 UTC 19 January and 0000 UTC 20
January, although the surface low deepened only
slightly during the same period. The small 850-hPa



C H A P T E R 1 0 485T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

FIG. 10.16-1. Snowfall (in.) for 19–21 Jan 1978. See Fig. 10.1-1 for details.

deepening rates are consistent with those of the sur-
face low for this system.

• As the cyclone propagated northeastward, the 850-
hPa temperature gradient increased in advance of the
low, especially on 20 January, as heavy snow spread
across the middle Atlantic states and southern New
England. The S-shaped isotherm pattern observed in
many other storms was not as pronounced in this case
since the cold-air advection to the rear of the cyclone
remained weak, especially after 0000 UTC 20 Janu-
ary. The low developed on the warm side of the 0�C
isotherm on 18 January, but tracked closer to the 0�C
isotherm by the time it reached Virginia on 20 January.

• A southerly low-level jet (LLJ) developed in the
northern Gulf of Mexico and across Florida by 1200
UTC l9 January, immediately upwind of an outbreak
of moderate to heavy precipitation over the south-
eastern United States. The LLJ continued to intensify
east of the slow-moving 850-hPa low on 20 January

and attained speeds greater than 35 m s�1 by 1200
UTC 20 January.

• Easterly winds strengthened to the north of the low
center as it intensified slightly and moved from Lou-
isiana to Virginia between 1200 UTC l9 January and
1200 UTC 20 January. The southerly LLJ at 1200
UTC 20 January and the easterly LLJ at 0000 UTC
21 January were both directed toward the region of
heaviest precipitation.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• January 1978 was a very stormy month, and occurred
during an extended El Niño that lasted from mid-1976
through February 1978. However, while the North At-
lantic Oscillation (NAO) had some significant nega-
tive periods during the winter, it was clearly positive
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FIG. 10.16-2. Twelve-hourly surface weather analyses for 0000 UTC 19 Jan–1200 UTC 21 Jan 1978. See Fig. 10.1-2 for details.
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FIG. 10.16-3. Twelve-hourly 850-hPa analyses for 0000 UTC 19 Jan–1200 UTC 21 Jan 1978. See Fig. 10.1-3 for details.
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FIG. 10.16-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 19 Jan–1200 UTC 21
Jan 1978. See Fig. 10.1-4 for details.
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FIG. 10.16-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 19 Jan–1200 UTC 21 Jan 1978.
See Fig. 10.1-5 for details.
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FIG. 10.16-6. Twelve-hourly infrared satellite images for 0000 UTC 19 Jan–1200 UTC 21 Jan 1978. Note: the ‘‘grayscale’’ used in each
image provides a means of using black, white, and shades of gray to distinguish intervals of cloud-top temperature. The grayscale at 0000
and 1200 UTC 20 Jan differs from the scale at the other times.
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in the daily values as this storm and several others
were developing in January 1978. Oddly enough,
there is some evidence of an upper ridge near central
and northern Greenland during the days in which the
storm developed, which would suggest a negative
NAO.

• As the surface cyclone was forming in the Gulf of
Mexico on 18 January, two separate troughs encircled
an upper-level vortex over northern Quebec. One
trough was associated with the cyclone that had
brought heavy snowfall to sections of the northeastern
United States on 17–18 January and was located over
Newfoundland by 1200 UTC 19 January. This trough
was followed by a significant increase in geopotential
heights over the western Atlantic on 19 January. The
second trough extended from the vortex over northern
Quebec to Nebraska at 0000 UTC 19 January and later
split into two separate trough features. The southern
part developed into a cyclonic circulation over the
midwestern states while the northern portion pulled
away and propagated across eastern Canada on 19
January.

• The combination of rising geopotential heights off the
East Coast and the passage of a trough across eastern
Canada resulted in a strongly confluent height field
near the U.S.–Canada border between 0000 and 1200
UTC 20 January. This pattern was observed as the
surface anticyclone built eastward across southern
Quebec and cold-air damming developed east of the
Appalachian Mountains.

• The trough that was associated with the Gulf cyclone
propagated across the southern United States on 18
and 19 January, then moved northeastward along the
east coast on 20 January. This trough rotated about
the trough developing over the Midwest. Both troughs
were associated with well-defined cyclonic vorticity
maxima that maintained their individual identities
through 1200 UTC 20 January.

• A closed 500-hPa circulation did not develop in as-
sociation with the cyclone tracking northeastward to
New England. The amplitude of the trough and down-
stream ridge along the Atlantic coast decreased slight-
ly between 1200 UTC 19 January to 0000 UTC 21
January. This is only one of a few cases in which the
amplitude decreased.

• The trough axis became negatively tilted (oriented
from northwest to southeast) over the northern Gulf
of Mexico by 0000 UTC 20 January. The half-wave-
length between the trough and downstream ridge de-
creased significantly by 1200 UTC 20 January, but
the flow appeared to become only slightly diffluent
east of the trough axis between 1200 UTC 20 January
and 1200 UTC 21 January. During this period, the
surface low deepened by only 4 hPa, although the
heaviest snow was falling across the northeastern
United States. The lack of a strongly diffluent height
pattern may explain the small surface deepening rate
observed in this storm. Additionally, the tendency for

the trough to attain a negative tilt across the southern
United States in this case is consistent with the
changeover from snow to mixed precipitation that kept
most snowfall amounts less than 10 in. (25 cm) across
Virginia and Maryland.

• While the jet pattern is not as distinct in this case as
in others, a dual-jet pattern does emerge during East
Coast cyclogenesis (0000 UTC 20 January) with a
northern jet over extreme southeastern Canada and a
southern jet over the southeast United States.

• The northern jet streak amplified from 50 to 70 m s�1

in the ridge over New England by 0000 UTC 20 Jan-
uary within a region of strong confluence. This jet
streak continued to amplify over southeastern Canada,
attaining maximum winds greater than 80 m s�1 by
1200 UTC 20 January. The cold surface anticyclone
ridged southeastward into New England and toward
the middle Atlantic states beneath the confluent en-
trance region of this jet.

• The precipitation area to the north and northeast of
the storm center also developed and expanded in the
entrance region of this amplifying jet as it crossed
New England between 1200 UTC 19 January and
1200 UTC 20 January.

• The surface low and LLJ developed in the exit region
of the southern jet streak propagating around the base
of the trough in the southeastern United States on 20
January with one well-defined jet streak with maxi-
mum winds exceeding 40 m s�1 analyzed off the
Southeast coast by 1200 UTC 20 January. The jet
pattern at 1200 UTC 20 January is similar to many
of the other cases examined here, but the magnitude
of the northern jet is clearly dominating that of the
southern jet.

e. 250-geopotential height and wind analyses

• The combination of the intense vortex over north-
eastern Canada and the confluent flow pattern over
New York to New England is evident during the pre-
cyclogenetic period, as is the separate deepening
trough over the southeast United States by 0000 UTC
20 January.

• The dual-jet pattern is more apparent at this level than
at 400 hPa. The northern jet amplified to greater than
100 m s�1 over southeastern Canada by 1200 UTC
20 January with a well-defined entrance region over
the Ohio Valley at 0000 UTC 20 January and at 1200
UTC 20 January. The region of precipitation raced
northward in the entrance region of the amplifying jet
during this period.

• The southern jet propagating toward the base of the
amplifying trough and the exit region along the East
Coast are both well defined at 1200 UTC 20 January
and 0000 UTC 21 January.

• The surface low, southerly LLJ, and area of heavy
precipitation all appeared to become focused in the
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region between the right-entrance region of the north-
ern jet streak and the left-exit region of the southern
jet, especially at 1200 UTC 20 January.

f. Infrared satellite imagery sequence

• The initial cyclone development in the Gulf of Mexico
was characterized by a cold cloud-top core, as indi-
cated by the dark enhancement south of Louisiana at
0000 UTC 19 January. This area, which may have
contained intense convective elements, moved over
Florida by 1200 UTC 19 January.

• The rapid northeastward expansion of the high cloud
shield on 19 and 20 January extended over 1000 km
north of the surface low pressure center. This expan-
sion occurred in the entrance region of the amplifying
jet streak over the northeastern United States, espe-
cially by 0000 UTC 20 January 1978. The sharp north-
ern edge of the high cloud mass at this time corre-

sponds with the axis of the 100 m s�1 upper-level jet
analyzed at 250 hPa just north of New England.

• A clear area marked by a region free of upper-level
clouds developed along the Gulf coast at 0000 UTC
20 January and moved into North Carolina by 1200
UTC 20 January. The clear wedge corresponds to the
axis of the jet located downwind of the upper-level
trough (see 400- and 250-hPa winds). The surface low
was located very close to the eastern edge of the dry
slot or along the western edge of the cloud area.

• The upper cloud mass developed a distinct comma
shape by 0000 UTC 21 January as the northern part
of the cloud area pivoted northward while the comma
tail swept to the east.

• The heaviest precipitation was located within the an-
ticyclonically curved cloud region marking the warm
conveyor belt (see volume I, chapter 4.4) through
1200 UTC 20 January, but then shifted toward the
southern and western edges of the comma head, or
cold conveyor belt (see chapter 4.4), as the low moved
toward New England. It is difficult to distinguish the
separate airstreams from the infrared images.



C H A P T E R 1 0 493T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

Hempstead, Long Island, New York, 6 Feb 1978 (photo reprinted courtesy of Newsday).



494 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

TABLE 10.17-1. Snowfall amounts for urban and selected
locations for 5–7 Feb 1978; see Table 10.1-1 for details.

NESIS � 6.25 (category 4)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

2.2 in. (6 cm)
9.1 in. (23 cm)

14.1 in. (36 cm)
17.7 in. (45 cm)
27.1 in. (69 cm)

Other selected snowfall amounts
Woonsocket, RI
Rockport, MA
Providence, RI
Rochester, NY
Riverhead, NY

38.0 in. (97 cm)
32.5 in. (83 cm)
28.6 in. (73 cm)
25.8 in. (66 cm)
25.0 in. (64 cm)

Worcester, MA
Hartford, CT
Trenton, NJ
Wilmington, DE

20.2 in. (51 cm)
16.9 in. (43 cm)
16.1 in. (41 cm)
14.5 in. (37 cm)

17. 5–7 February 1978

a. General remarks

• Hurricane force winds and record-breaking snowfall
made this storm one of the more intense to occur
during the 20th century across parts of the north-
eastern United States.

• Many meteorologists and weather enthusiasts in the
Northeast, especially New England, have expressed
their feelings that this storm was a ‘‘defining moment’’
in their careers and weather interests.

• A small area of 50 or more in. (125 cm) of snowfall
was reported in northern Rhode Island (not depicted
in Fig. 11.17–1). The cyclone was forecast remarkably
well several days in advance by operational numerical
forecast models (Brown and Olson 1978). Despite
these accurate predictions, many people were stranded
on the roads in the New York City area, because the
onset of heavy snow occurred slightly later than pre-
dicted during the Monday morning rush hour, resulting
in thousands of people trapped in their cars commut-
ing to and from work from New York City to Boston.
People were generally skeptical of the warnings issued
by operational weather forecasters following a series
of inaccurate forecasts of winter weather during the
preceding month.

• The most severely affected regions were Long Island,
Connecticut, Rhode Island, and Massachusetts, where
businesses and schools were shut down for a week or
more. This storm is a remarkable example of sudden
and rapid cyclonic development associated with a ma-
jor trough amplification at 500 hPa.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): eastern Maryland; Dela-
ware; eastern Pennsylvania; New Jersey; southeastern,
northeastern, and portions of western New York; Con-
necticut; Rhode Island; Massachusetts; central and
southern Vermont; New Hampshire; and Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): sections of northeastern
Pennsylvania, northern New Jersey, western and
southeastern New York, Connecticut, Rhode Island,
Massachusetts, southern Vermont, and parts of New
Hampshire and Maine.

b. Surface analyses

• The cyclone developed in a regime of unusually high
sea level pressure and very cold temperatures. A 1055-
hPa anticyclone drifted across central Canada prior to
and during the storm, with two high pressure ridges
dominating the precyclogenetic period on 5–6 Feb-
ruary. One ridge axis extended southward through the
center of the country and the other extended from New
England to the southeastern United States.

• Weak cold air damming was indicated by the inverted
high pressure ridge along the East Coast on 5 Feb-

ruary. Despite the wedge of very cold air along the
Atlantic seaboard, no coastal frontogenesis was ob-
served with this case.

• A weak 1025-hPa low crossing the Great Lakes states
on 5 February produced only light snows and provided
few clues that major cyclogenesis would occur the
following day. This low dissipated early on 6 February
following the development of a secondary cyclone
east of North Carolina.

• The secondary low developed in a data-void region,
but appeared to deepen at rates exceeding �3 hPa per
3 h between 0600 UTC 6 February and 0000 UTC 7
February as it moved northward toward Long Island.
Since the cyclone developed in an environment dom-
inated by very cold high pressure, it deepened to
‘‘only’’ 984 hPa at its peak intensity. Nevertheless the
pressure gradient to the north and west of the low
center was among the largest in the 50-yr sample,
producing gale to hurricane force northeasterly winds
that blew the heavy snow, reducing visibilities to near
zero over a large area from New England to New
Jersey and eastern Pennsylvania.

• The surface low propagated at approximately 10–12
m s�1 as it tracked northward from a position well off
the North Carolina coast to just south of Long Island
on 6 February. The cyclone then may have performed
a small counterclockwise loop before it drifted very
slowly eastward just south of New England on 7 Feb-
ruary. This slow movement prolonged the heavy
snowfall from Long Island to eastern New England.

• The heaviest snowfall occurred to the north and north-
east of the surface low, as is often the case. Heavy
snowfall, however, was also reported to the west and
southwest of the center over Maryland and Delaware
late on 6 February as the precipitation rotated south-
westward around the intensifying storm.
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FIG. 10.17-1. Snowfall (in.) for 5–7 Feb 1978. See Fig. 10.1-1 for details.

c. 850-hPa analyses

• Northwesterly flow and weak cold-air advection pre-
ceded the storm as cold air had already become es-
tablished over the north-central and northeast United
States by 0000 UTC 5 February. The 850-hPa tem-
peratures generally ranged between �5� and �15�C
over the northeastern United States.

• A weak 850-hPa low dropped southeastward across
the Great Lakes on 5 February and deepened very
gradually. A new 850-hPa low center formed just off
the Virginia coast by 1200 UTC 6 February. The re-
development of the 850-hPa low was first evident at
0000 UTC 6 February when the largest height falls
were located in the Carolinas, well south of the pri-
mary center, which was positioned near Buffalo, New
York. Meanwhile, east-to-southeasterly flow is evident
just off the Carolina coast. The secondary low deep-

ened rapidly (�150 m per 12 h) as it moved northward
close to the New Jersey coast by 0000 UTC 7 Feb-
ruary, then drifted to the east without any further deep-
ening.

• A very pronounced pattern of cold-air advection was
evident to the west of the 850-hPa low center prior
to and during the development of the secondary low.
The �20�C isotherm was driven from Manitoba to
North Carolina on 5–7 February. A pattern of warm-
air advection did not develop until 0000 UTC 6 Feb-
ruary, over eastern North Carolina and Virginia and
then northeastward toward Long Island, as the sec-
ondary cyclone was beginning to form over the At-
lantic Ocean. An S-shaped isotherm pattern evolved
along the East Coast by 1200 UTC 6 February, re-
flecting the strong cold- and warm-air advections sur-
rounding the 850-hPa low during secondary cyclo-
genesis.
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FIG. 10.17-2. Twelve-hourly surface weather analyses for 0000 UTC 5 Feb–1200 UTC 7 Feb 1978. See Fig. 10.1-2 for details.
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FIG. 10.17-3. Twelve-hourly 850-hPa analyses for 0000 UTC 5 Feb–1200 UTC 7 Feb 1978. See Fig. 10.1-3 for details.
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FIG. 10.17-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 5 Feb–1200 UTC 7 Feb
1978. See Fig. 10.1-4 for details.



C H A P T E R 1 0 499T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

FIG. 10.17-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 5 Feb–1200 UTC 7 Feb 1978.
See Fig. 10.1-5 for details.
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FIG. 10.17-6a. Twelve-hourly infrared satellite images for 0000 UTC 5 Feb–1230 UTC 7 Feb 1978. See Fig. 10.16-6 for details.
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FIG. 10.17-6b. Visible satellite image for 1430 UTC 7 Feb 1978 showing eyelike cloud-free region.

• The analyses do not capture a strong low-level jet off
the East Coast (in a data-void region) at 0000 and
1200 UTC 6 February. However, a strong easterly
low-level jet (LLJ) with velocities exceeding 40 m s�1

developed to the north of the cyclone center in con-
junction with the rapid deepening between 1200 UTC
6 February and 0000 UTC 7 February. The devel-
opment of this jet coincided with the rapid northward
and westward expansion of snowfall over the middle
Atlantic and New England states. The moisture trans-
ports and ascending motions associated with the LLJ

were apparently important elements in the develop-
ment of heavy snowfall over the northeastern United
States.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• As with January 1978, modest El Niño conditions
existed through February as well. Unlike January
1978, the North Atlantic Oscillation (NAO) under-
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went a noticeable change with significant negative
NAO values computed throughout the month. This
storm occurred as daily values of the NAO were be-
coming increasingly negative. A weak but stationary
upper ridge in the 500-hPa analyses near Greenland
is consistent with the negative phase of the NAO.

• The precyclogenetic environment at 500 hPa included
a relatively stationary ridge over Greenland, a closed
cyclonic circulation over southeastern Canada, a
trough across south-central Canada and the Great
Lakes region, and a ridge over western North America
on 5 February. The vortex over southeastern Canada
was associated with a confluent geopotential height
pattern over New England that was located above the
850-hPa cold-air advection area and sea level high
pressure ridge.

• The East Coast cyclone developed while the flow re-
gime across North America underwent a remarkable
transformation. The 500-hPa pattern was character-
ized by nearly zonal flow prior to 5 February, by
strongly meridional flow on 5–6 February, and by
large, symmetrical vortices on 7 February. The upper-
level ridge over the West amplified on 5–6 February
and evolved into a closed anticyclonic circulation in
central Canada by 7 February. Concurrently, the
trough in southcentral Canada amplified and dropped
southeastward, evolving into a large cyclonic circu-
lation over the eastern United States as the surface
low intensified off the middle Atlantic coast. This is
an excellent example of a deepening or ‘‘digging’’
trough system (see volume I, chapter 4.1a).

• The growing cyclonic circulation was accompanied
by an amplifying cyclonic vorticity maximum that
propagated southeastward from the Great Lakes re-
gion on 5 February to the Virginia coast on 6 Feb-
ruary. This vorticity maximum appeared to be asso-
ciated with the cyclonic curvature and increasing cy-
clonic wind shears associated with a jet streak prop-
agating southeastward over the central United States.

• A diffluent geopotential height pattern developed
downstream of the trough between 1200 UTC 5 Feb-
ruary and 1200 UTC 6 February. The trough axis
rotated dramatically between 0000 UTC 6 February
and 0000 UTC 7 February, the period during which
the rapid sea level development took place.

• Very pronounced amplitude changes also occurred
during the cyclogenetic period. The amplitude of the
trough and upstream ridge increased greatly from
0000 UTC 5 February through 0000 UTC 7 February.
The latitudinal separation of the 5520-m contour at
the ridge and trough axes grew from 14� to greater
than 30� latitude (1500–3000 km). The amplitude of
the trough and downstream ridge increased most rap-
idly between 1200 UTC 5 February and 0000 UTC 7
February, during the period of rapid cyclogenesis.

• The half-wavelength between the trough and the up-
stream ridge increased prior to East Coast cyclogen-
esis on 6 February. The half-wavelength between the

trough and the downstream ridge decreased during 6–
7 February while cyclogenesis was under way off the
coast.

• The intense cyclonic and anticyclonic upper-level vor-
tices established a blocking pattern over the eastern
half of North America. The large cyclonic vortex drift-
ed from the New England coast into eastern Canada,
where it meandered for several weeks following the
storm. This resulted in persistent cold and dry weather
over the northeastern United States for the remainder
of February 1978.

• The analysis for this case is not marked by a well-
defined dual-jet pattern at 400 hPa. Although there is
a well-defined confluent region over northern New
England and southeast Canada on 5 February, the en-
trance region of a northern jet does not become ap-
parent until 0000 UTC 7 February,

e. 250-hPa geopotential height and wind analyses

• The most dominant jet streak for this case is a polar
jet streak with winds of 50 m s�1 positioned upwind
of the trough axis in the central United States prior
to cyclogenesis. The strongest winds remained just
west of the diffluent portion of the trough as the sys-
tem moved toward the East Coast on 5 and 6 February.
The cyclone development commenced beneath the dif-
fluence exit region of this jet streak downwind of the
trough axis, where cyclonic vorticity advection and
upper-level divergence were maximized.

• The entire polar jet system appears to wrap around
the middle-tropospheric vortex by 1200 UTC 7 Feb-
ruary, illustrating again the intense nature of this
storm.

• The amplifying ridge in the western United States and
deepening trough in the central, then eastern, United
States is clearly evident in the upper troposphere. The
diffluent trough becomes negatively tilted to an almost
west-to-east axis by 1200 UTC 7 February.

• The jet pattern is not straightforward in these analyses.
The jet streak off the East Coast on 5 February rep-
resents the lower portion of a subtropical jet that is
propagating east-northeastward during the precyclo-
genetic period.

• The wind maximum that is evident east of the trough
axis at 1200 UTC 6 February amplifies to greater than
80 m s�1 at 0000 UTC 7 February during intense
surface cyclogenesis and concurrent development of
heavy precipitation.

• The polar jet diving southeastward into the central
and southeast United States is evident throughout the
precyclogenetic period, with the dual-jet pattern be-
coming apparent by 1200 UTC 6 February. At this
time, cyclogenesis has commenced east of the North
Carolina coastline within the left-exit region of the
southern jet and the general entrance region of the
northern jet.
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f. Infrared satellite imagery sequence

• A diffuse cloud area moved from the Great Lakes
toward the eastern United States within the diffluent
exit region of the trough–polar jet system prior to 1200
UTC 5 February.

• The 0001 UTC 6 February satellite image depicts the
first stage of major cyclogenesis. The cloud mass over
the eastern United States was more distinct, with a
region of cold cloud tops forming off the North Car-
olina coast. This developing cloud mass was located
east of the upper-level trough axis and was associated
with the initial cyclogenesis. An expanding region of
cold cloud tops off Florida appeared to be associated
with the 70–80 m s�1 subtropical jet analyzed at 250
hPa over the Atlantic Ocean.

• By 1200 UTC 6 February, the cloud feature off Florida
had moved northeastward over the Atlantic Ocean. Its
northern edge displayed the distinctly anticyclonic
curvature characteristic of the warm conveyor belt
described in chapter 4d of volume I. The cloud mass
originally located off North Carolina expanded north-

ward and then westward over the northeastern states
by 0000 UTC 7 February, coinciding with the rapid
development of the 40 m s�1 easterly LLJ and as the
500-hPa vortex developed along the Virginia coast.
This cloud feature resembles the cold conveyor belt
described in chapter 4d, and became the comma head
within a cloud mass that developed the comma sig-
nature by 0001 UTC 6 February. The heaviest snow
fell over the middle Atlantic states and southern New
England on 6 and 7 February, along the southern edge
of the coldest tops in the comma head.

• As the cyclone occluded off the New England coast,
the cloud mass spiraled around the low center by 1200
UTC 7 February. The coldest cloud tops now had
become disorganized and were located well to the
north of the low center.

• A pronounced eyelike cloud-free region is observed
in the visible image presented here (Fig. 10.17-6b) at
1430 UTC on the morning of 7 February, nearly col-
located with the positions of the surface low and the
500-hPa vortex.
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Wisconsin Avenue, Georgetown, Washington D.C., 19 Feb 1979 (copyright Fred Maroon).
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TABLE 10.18-1. Snowfall amounts for urban and selected
locations for 18–20 Feb 1979; see Table 10.1-1 for details.

NESIS � 4.42 (category 3)

Urban center snowfall amounts
Washington, D.C.–National Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park

18.7 in. (47 cm)
20.0 in. (51 cm)
14.3 in. (36 cm)
12.7 in. (32 cm)

Other selected snowfall amounts
Dover, DE
Atlantic City, NJ
Newark, NJ
Wilmington, DE
Harrisburg, PA
Richmond, VA

25.0 in. (64 cm)
17.1 in. (43 cm)
16.6 in. (42 cm)
16.5 in. (42 cm)
14.2 in. (36 cm)
10.9 in. (28 cm)

18. 18–20 February 1979

a. General remarks

• This heavy snowstorm hit the middle Atlantic states
with record snow amounts on the Presidents’ Day hol-
iday, shutting down the cities of Washington, Balti-
more, Philadelphia, and New York with more than a
foot (30 cm) to 20 in. (50 cm) of snow. Snowfall rates
approached 12 cm h�1 on the morning of 19 February
(Foster and Leffler 1979). The cyclone has been the
subject of numerous studies (Bosart 1981; Bosart and
Lin 1984; Uccellini et al. 1984, 1985, 1987; Atlas
1987) since the rapidly developing storm and heavy
snowfall rates observed on 19 February were poorly
forecast by operational numerical prediction models.
The snowstorm occurred at the end of an unusually
cold period that culminated in a massive cold-air out-
break on 17–18 February and the development of the
‘‘Presidents’ Day Storm’’ (this storm is now termed
the ‘‘Presidents’ Day Storm I’’) since a second Pres-
idents’ Day snowstorm occurred in February 2003
(see chapter 10.31).

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): portions of West Virginia
and Virginia (especially northern Virginia), Maryland,
Delaware, southern Pennsylvania, most of New Jer-
sey, and New York City.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): parts of Maryland, Dela-
ware, and New Jersey.

b. Surface analyses

• The cyclone occurred at the end of a prolonged 2–3-
week period of bitterly cold air over the eastern half
of the country, and was preceded by a massive anti-
cyclone (1050 hPa) that established many record low
temperatures across the eastern third of the United
States. Following the President’s Day Storm, temper-
atures moderated quickly and much of the snow melt-
ed within a week.

• Cold-air damming occurred to the lee of the Appa-
lachian Mountains on 18 February, as indicated by
the pronounced inverted sea level pressure ridge over
the eastern United States at 1200 UTC 18 February
and 0000 UTC 19 February. When snow began falling
across the middle Atlantic states on 18 February, sur-
face temperatures generally ranged between �15� and
�10�C.

• Two inverted sea level pressure troughs formed prior
to the development of the cyclone. One trough formed
from the Gulf coast to the Ohio Valley late on 17
February. The other appeared off the Southeast coast
early on 18 February, in conjunction with the devel-
opment of a pronounced coastal front. Heavy snow,
freezing rain, and ice pellets broke out across the

southeastern United States to the west of the devel-
oping coastal front–inverted trough.

• A primary low pressure center formed over Kentucky
but had no associated frontal features. This initial low
deepened to only 1024 hPa over the Ohio Valley and
was associated with light to moderate snows just south
of the Great Lakes on 18 February. The low dissipated
as rapid secondary cyclogenesis commenced along the
East Coast early on 19 February.

• The secondary cyclone formed along the coastal front
off the Georgia–Florida coast by 1800 UTC 18 Feb-
ruary and propagated northeastward to a position near
the Maryland coast by 1200 UTC 19 February. A
period of rapid deepening commenced around 0600
UTC 19 February. Heavy snow developed across the
middle Atlantic states, with snowfall rates of 5–7.5
cm h�1 common from Washington to New York City.
The low pressure center made an abrupt turn to the
east after 1200 UTC 19 February, sparing New Eng-
land significant accumulations. The cyclone propa-
gated at an average rate of 15 m s�1.

• The storm developed in a regime of very high sea
level pressure and deepened to only 995 hPa [based
on National Meteorological Center (NMC, now
known as the National Centers for Environmental Pre-
diction, NCEP) analyses; Bosart (1981) established a
central pressure of 990 hPa by 1800 UTC 19 Feb-
ruary] east of the Maryland coast. The heaviest snows
fell across the middle Atlantic states on 19 February,
when the deepening rates approached a maximum of
�2 to �3 hPa h�1.

c. 850-hPa analyses

• An 850-hPa ridge that was associated with the large
surface anticyclone dominated the eastern United
States prior to east coast cyclogenesis. Cold-air ad-
vection and northwesterly flow east of the ridge axis
were located beneath a region of confluent geopoten-
tial heights at 500 hPa. The 850-hPa 0�C isotherm was
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FIG. 10.18-1. Snowfall (in.) for 18–20 Feb 1979. See Fig. 10.1-1 for details.

forced as far south as South Carolina, with tempera-
tures below �20�C common across the northeastern
United States on 17 February.

• An 850-hPa low center formed over the Midwest at
0000 UTC 19 February, well north of the 0�C isotherm
and the largest temperature gradient. A separate region
of geopotential height falls developed across the
southeastern United States at 1200 UTC 18 February
and 0000 UTC 19 February. This height-fall center
was located near the 0�C isotherm in a region where
heavy precipitation and the coastal inverted trough
were developing. The 850-hPa low appeared to re-
develop over southeastern Virginia by 1200 UTC 19
February, probably in response to an amplification of
the geopotential height-fall center as it moved north-
eastward with the deepening surface low. It may re-
flect a merger of the Ohio Valley low center with the
amplifying coastal height-fall center.

• Detailed analyses by Bosart (1981) and Uccellini et

al. (1984) show a southeasterly, ageostrophic low-lev-
el jet (LLJ) with winds of up to 35 m s�1 formed over
Georgia and South Carolina by 1200 UTC 18 Feb-
ruary. The LLJ appeared at the same time that the
coastal front and heavy precipitation developed across
the southeastern United States.

• More detailed case studies linked the development of
the LLJ to a combination of interrelated factors. These
included a geopotential height-fall center and related
isallobaric wind, an indirect transverse circulation
across the southeastern United States related to a sub-
tropical jet stream and related vertical displacement
of air parcels in a region of large 850-hPa temperature
gradients, sensible and latent heating, and cold-air
damming near the surface (see Uccellini et al. 1984,
1987). The LLJ in this case was shown to be an im-
portant factor in enhancing the mass divergence in the
lower troposphere, focusing the sea level pressure falls
along the Carolina coast that marked the initial de-
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FIG. 10.18-2. Twelve-hourly surface weather analyses for 0000 UTC 18 Feb–1200 UTC 20 Feb 1979. See Fig. 10.1-2 for details.
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FIG. 10.18-3. Twelve-hourly 850-hPa analyses for 0000 UTC 18 Feb–1200 UTC 20 Feb 1979. See Fig. 10.1-3 for details.
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FIG. 10.18-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 18 Feb–1200 UTC 20
Feb 1979. See Fig. 10.1-4 for details.
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FIG. 10.18-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 18 Feb–1200 UTC 20 Feb 1979.
See Fig. 10.1-5 for details.
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FIG. 10.18-6. Twelve-hourly infrared satellite images for 0001 UTC 18 Feb–1200 UTC 20 Feb 1979. See Fig. 10.16-6 for details.
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FIG. 10.18-6b. Visible Satellite image for 1830 UTC 19 Feb 1979 showing eyelike cloud-free region.

velopment of a coastal inverted trough by 0000 UTC
19 February.

• The LLJ shifted farther north along the East Coast
and wrapped around the developing vortex off the
Maryland–Virginia coast during the 24 h ending at
1200 UTC 19 February. The easterly LLJ was a sig-
nificant factor in doubling the moisture transports into
the region of heavy snowfall on 18 and 19 February
(Uccellini et al. 1984). Strong warm-air advection was
associated with the LLJ between 1200 UTC 18 Feb-
ruary and 1200 UTC 19 February, helping to create
an S-shaped isotherm pattern along the East Coast,
within which the surface cyclone was deepening rap-
idly.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• Weak El Niño conditions began during late 1978 and
continued through much of 1979, including February.
A distinct period of negative NAO daily values began
in early January 1979 and remained negative until they
reversed sign on 19 February, the date of the Presi-
dents’ Day Storm, and went into a distinct positive
phase. Much of February 1979 was exceptionally cold
in the northeast United States, consistent with the neg-
ative phase, but quickly moderated once this storm
passed. Therefore, this storm developed during a tran-
sitional period in which the negative phase of the NAO
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was weakening rapidly. An upper ridge east of central
and northern Greenland, possibly consistent with a
negative NAO, is seen in the 500-hPa analyses. The
ridge appears to weaken by 1200 UTC 20 February.

• A distinct pattern of confluent geopotential heights
across the northeastern United States on 17 and 18
February was associated with the movement of a very
cold anticyclone from the Great Lakes region to New
England. The circulation across the remainder of the
United States and southern Canada was dominated by
a nearly zonal flow. A low-amplitude trough devel-
oped in and then crossed the central United States
from west to east on 18 February prior to east coast
cyclogenesis.

• Separate troughs, identified by distinct cyclonic vor-
ticity maxima north of Montana and over New Mexico
at 1200 UTC 17 February (not shown), appeared to
merge into one trough over the Mississippi Valley by
1200 UTC 18 February. Uccellini et al. (1984, 1985)
showed that a tropopause fold associated with this
trough extruded stratospheric air with high potential
vorticity down to the 700-hPa level by 0000 UTC 19
February. The trough and its associated vorticity max-
imum propagated eastward, crossing the East Coast
as the surface low deepened rapidly after 1200 UTC
19 February. No closed cyclonic circulation was ob-
served at 500 hPa up until this time.

• Diffluence became increasingly evident downwind of
the trough axis after 0000 UTC 18 February, coin-
ciding with the formation of the inverted troughs and
low pressure centers over the Ohio Valley and Atlantic
coast. The orientation of the upper-level trough axis
rotated slightly from north–south–southeast (a nega-
tive tilt) by 1200 UTC 19 February, with a pronounced
pattern of diffluent geopotential heights along the East
Coast as the secondary cyclone was deepening rapidly
off Maryland.

• The amplitude of the trough and downstream ridge
increased slightly between 1200 UTC 18 February and
0000 UTC 19 February, but actually appeared to de-
crease slightly in the 12-h period ending at 1200 UTC
19 February, while the secondary cyclone was inten-
sifying rapidly off the middle Atlantic coast. Between
0000 UTC 18 February and 1200 UTC 19 February,
the distance between the trough axis and the down-
stream ridge decreased.

• The precipitation area expanded on 18 and 19 Feb-
ruary as the half-wavelength between trough and
downstream ridge decreased and rapid cyclogenesis
commenced off the East Coast.

• Details on the evolution of the upper-level features
can be found in Uccellini et al. (1984, 1985). See
Bosart (1981) and Bosart and Lin (1984) for surface
and quasigeostrophic analyses.

• As described in Uccellini et al. (1984, 1987) and Whi-
taker et al. (1988), this case is influenced by a complex
interaction of a northern polar jet, a southern sub-
tropical jet, and a separate polar jet system associated

with the deepening trough–tropopause fold in the cen-
tral United States on 19 February.

• A polar jet attained speeds of up to 70 m s�1 at 400
hPa near the New England coast by 1200 UTC 18
February. This jet was embedded within the confluent
region to the rear of the upper-level trough moving
away from eastern Canada and was located above the
large, cold surface anticyclone positioned over the
northeastern United States.

• A separate 40–50 m s�1 polar jet streak at 400 hPa
propagated from the northern plains states to the East
Coast between 0000 UTC l8 February and 1200 UTC
19 February. A tropopause fold was diagnosed along
the axis of this jet (Uccellini et al. 1985). The rapid
development of precipitation across the middle At-
lantic states, the continued enhancement of the LLJ
off the East Coast, and the explosive surface cyclo-
genesis occurred within the diffluent exit region of
this jet after 0000 UTC 19 February, as the polar jet
propagated toward the East Coast.

• See Uccellini et al. (1984, 1985, 1987) and Whitaker
et al. (1988) for a more detailed description of the jet
streaks that influenced the development of the Pres-
idents’ Day Storm.

e. 250-hPa geopotential height and wind analyses

• The geopotential height analyses depict the evolution
of the trough over southeastern Canada, the confluent
flow over the Northeast, and the separate trough over
the central United States that later yielded the explo-
sive East Coast cyclogenesis. The transformation of
the bitterly cold weather to a warmer regime by 1200
UTC 20 February is apparent as the upper-level ridge
over Greenland is replaced by a trough and the west-
erly flow across the United States has a uniform height
gradient depicting the relaxation of the highly baro-
clinic regime that helped produce conditions favorable
for the Presidents’ Day Storm.

• Winds within the subtropical jet streak at 250 hPa
strengthened near the crest of the ridge approaching
the East Coast as heavy snow developed over the
southeastern United States early on 18 February, prior
to east coast cyclogenesis. Wind speeds increased
from 60 m s�1 on 17 February to near 80 m s�1 by
1200 UTC 18 February as the flow developed a no-
ticeable cross-contour component near the ridge crest.
Increasing upper-level divergence associated with this
subtropical jet contributed to the initial outbreak of
precipitation in the southeastern United States (Uccel-
lini et al. 1984) and provided a basis for a transverse
ageostrophic cicculation pattern that was coupled to
the development of the LLJ along the coast by 1200
UTC 19 February.

f. Infrared satellite imagery sequence

• The cyclone and heavy snowfall were associated with
two separate cloud systems.
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• One cold-top cloud mass streamed eastward along the
axis of the subtropical jet between 0000 and 2330
UTC 18 February. The heaviest precipitation occurred
along the southern edge of this cloud system, with
heavy snow and freezing precipitation falling across
Kentucky, Tennessee, Georgia, and the Carolinas on
18 February. These clouds moved off the East Coast
and diminished in areal coverage as cyclogenesis com-
menced along the Carolina coast late on 18 February.

• A small comma-shaped cloud area located over Ne-
braska and Iowa at 1200 UTC 18 February traversed
the eastern half of the country in the ensuing 24-h
period. This cloud mass was located in the exit region
of the polar jet during this entire period and expanded
rapidly in the 6-h period between 0900 and 1500 UTC
19 February (see Uccellini et al. 1985). Much colder
cloud-top temperatures blossomed from Virginia to

Massachusetts at 1200 UTC 19 February as the sur-
face cyclone deepened rapidly off the Virginia–Mary-
land coast, with very heavy snows in the middle At-
lantic states. The coldest cloud-top temperatures were
found to the north of the surface low. The heaviest
snows were located from the coldest cloud-top area
near New York City southward to the edge of the cold
tops over northern Virginia at 1200 UTC 19 February.
The rapid development of this feature resembles a cold
conveyor belt (Carlson 1980) and represents the
emerging head of a comma-shaped cloud mass, which
became quite distinct over the Atlantic Ocean by 0001
UTC 20 February.

• A cloud-free ‘‘eye’’ developed over the Atlantic by
1800 UTC 19 February (see visible satellite image in
Fig. 10.18-6b) after the storm went through a period
of rapid sea level intensification.
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New York City, 6 Apr 1982 (photo reprinted courtesy of the New York Times).
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TABLE 10.19-1. Snowfall amounts for urban and selected
locations for 5–7 Apr 1982; see Table 10.1-1 for details.

NESIS � 3.75 (category 2)

Urban center snowfall amounts
Philadelphia, PA
New York, NY–Central Park
Boston, MA

3.5 in. (9 cm)
9.6 in. (24 cm)

13.3 in. (34 cm)

Other selected snowfall amounts
Grafton, NY
Albany, NY
Portland, ME
Worcester, MA
Hartford, CT
Concord, NH
Newark, NJ
Allentown, PA

22.8 in. (58 cm)
17.7 in. (45 cm)
15.9 in. (40 cm)
15.0 in. (38 cm)
14.1 in. (36 cm)
13.9 in. (35 cm)
12.8 in. (33 cm)
11.4 in. (29 cm)

19. 5–7 April 1982

a. General remarks

• This unusual late season storm produced near-blizzard
conditions over much of New York, and New England,
including New York City and Boston. The rapidly
intensifying cyclone spread heavy snow amounts
across the Midwest and the Ohio Valley before reach-
ing the northern middle Atlantic states and New Eng-
land. The snow and cold temperatures postponed
opening day of the Major League Baseball season in
many cities. Thunderstorms with frequent lightning
were reported in New York City during the heaviest
snowfall. The storm was followed by one of the cold-
est air masses on record for April. The temperature at
Boston, Massachusetts, remained near �10�C during
the afternoon of 7 April. Operational numerical sim-
ulations were successful in forecasting this storm. [See
Kaplan et al. (1982) for a mesoscale simulation of the
secondary sea level development associated with this
case.]

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): portions of northern and
eastern Pennsylvania, northern New Jersey, southern
New York, central and northern Connecticut and
Rhode Island, Massachusetts (except the extreme
southeast), southern Vermont and New Hampshire,
and Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): scattered portions of eastern
New York, southern Vermont, northeastern Massa-
chusetts, and southeastern New Hampshire.

b. Surface analyses

• Relatively cold air moved into the northeastern United
States behind an intense cyclone that propagated
across eastern Canada on 4 April. Unseasonably cold
temperatures were associated with an anticyclone
(1033 hPa) located over central Canada at 1200 UTC
5 April. A sea level high pressure ridge extending
southeastward from the anticyclone shifted from the
Ohio Valley to the northeastern United States on 5
April, providing cold air for the snowstorm that de-
veloped the next day. Following the snowstorm, the
anticyclone moved southward into the Midwest. Its
effects combined with the snow cover to produce re-
cord low temperatures from the plains states to the
East Coast on 6–8 April.

• Only weak cold-air damming was observed along the
East Coast prior to and during cyclogenesis on 5–6
April.

• Coastal frontogenesis was evident late on 5 April and
early on 6 April along the Carolina coast, but was not
characterized by the large temperature contrasts seen
in many of the other cases.

• A primary low pressure system moved rapidly from
the southern plains through the Ohio Valley to Penn-
sylvania between 1200 UTC 5 April and 1200 UTC
6 April. The center deepened 10 hPa in the 12-h period
ending at 0900 UTC 6 April. The primary low pro-
duced moderate to heavy snows and strong winds from
Chicago to Detroit and Cleveland as it moved through
the Ohio Valley on 5–6 April. Although this case ex-
hibited the most intense primary surface low pressure
system of any in the sample, the primary low was
very quickly absorbed into the circulation of the sec-
ondary coastal storm on 6 April.

• A weak low pressure center was observed on the
coastal front near the Georgia coast by 0000 UTC 6
April. Explosive cyclogenesis commenced farther to
the north, however, along the Virginia coast, between
0000 and 1200 UTC 6 April. The storm deepened at
a rate of �1 to �3 hPa h�1, with the central sea level
pressure falling from 994 hPa at 0900 UTC 6 April
to 968 hPa by 0000 UTC 7 April. The low center
tracked east-northeastward from the Virginia–Mary-
land coast, passing south of Long Island and New
England, then turned northeastward toward Nova Sco-
tia on 7 April. The forward motion of the storm main-
tained a rate of about 15 m s�1 throughout this period.

• Over the northeastern United States, most of the snow
fell between 1200 UTC 6 April and 1200 UTC 7 April.
In many locations, snowfall rates of 1–2 in. (2.5–5
cm) per hour occurred in conjunction with north-
northeasterly surface winds increasing to 15–20 m s�1

with higher gusts.

c. 850-hPa analyses

• Prior to East Coast cyclogenesis, low-level north-
westerly flow behind the intense cyclone in eastern
Canada generated strong cold-air advection across the
northeastern United States on 4–5 April. The north-
westerly flow and cold-air advection were located be-
neath a region of upper-level confluence. The strong
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FIG. 10.19-1. Snowfall (in.) for 5–7 Apr 1982. See Fig. 10.1-1 for details.

cold-air advection helped to create a narrow, intense
temperature gradient over the middle Atlantic states
on 5 April.

• The 850-hPa low intensified at an accelerating rate as
it moved from the central plains to near southern New
England between 1200 UTC 5 April and 0000 UTC
7 April. It deepened at rates of �60 m per 12 h as it
crossed the upper Mississippi Valley by 0000 UTC 6
April, �90 m per 12 h as it approached the East Coast
by 1200 UTC 6 April, and �150 m per 12 h as it
moved off the coast by 0000 UTC 7 April.

• A secondary 850-hPa geopotential height-fall center
appeared over the southeastern United States at 0000
UTC 6 April, possibly reflecting the secondary surface
low development. This feature was difficult to follow
at 1200 UTC 6 April since the entire 850-hPa cir-
culation had intensified over the eastern United States.

• This case was marked by very strong temperature gra-

dients during cyclogenesis. Pronounced cold-air ad-
vection occurred behind the low, especially at 1200
UTC 5 April and 0000 UTC 6 April, with strong
warm-air advection ahead of it, especially at 1200
UTC 6 April and 0000 UTC 7 April. The advection
patterns intensified as the 850-hPa low moved toward
the East Coast on 6 April, producing an S-shaped
isotherm pattern within which the surface low rapidly
intensified.

• The 0�C isotherm was generally located near the 850-
hPa low center except by 1200 UTC 7 April, when
the low was centered in the colder air as it occluded.

• A low-level jet (LLJ) appears to form off the East
Coast by 1200 UTC 6 April with wind speeds ex-
ceeding 25 m s�1. By 0000 UTC 7 April, this wind
maximum appears to be rotating around the rapidly
developing vortex and increasing to greater than 35
m s�1 by 1200 UTC 7 April north of the storm center.
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FIG. 10.19-2. Twelve-hourly surface weather analyses for 0000 UTC 5 Apr–1200 UTC 7 Apr 1982. See Fig. 10.1-2 for details.
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FIG. 10.19-3. Twelve-hourly 850-hPa analyses for 0000 UTC 5 Apr–1200 UTC 7 Apr 1982. See Fig. 10.1-3 for details.
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FIG. 10.19-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 5 Apr–1200 UTC 7 Apr
1982. See Fig. 10.1-4 for details.
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FIG. 10.19-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 5 Apr–1200 UTC 7 Apr 1982.
See Fig. 10.1-5 for details.
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FIG. 10.19-6. Twelve-hourly infrared satellite images for 0000 UTC 5 Apr–1200 UTC 7 Apr 1982. See Fig. 10.16-6 for more details.
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• The 850-hPa wind speeds also increased dramatically
south and west of the low between 0000 and 1200
UTC 6 April, as the system continued to amplify and
the vortex strengthened off the New England coast.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• El Niño conditions existed in April 1982 and even-
tually went on to become one of the strongest El Niños
of the late 20th century through the 1982–83 period.
In early April, the North Atlantic Oscillation (NAO)
underwent a transition from positive to negative. Daily
NAO values were trending downward during the 3-
day period in which this storm developed and inten-
sified. A cutoff upper ridge developed near southern
Greenland late on 6 April, a feature that is consistent
with the negative phase of the NAO.

• Prior to 6 April, the precyclogenetic environment at
500 hPa was characterized by a developing anticy-
clonic circulation near Greenland and a high-ampli-
tude trough over southeastern Canada. This configu-
ration produced a confluent geopotential height pat-
tern across the Great Lakes and northeastern United
States. The surface anticyclone and cold air became
entrenched over the Great Lakes region on 5–6 April
beneath the confluent region.

• The trough associated with the cyclone propagated
eastward with the strong westerly flow across the Unit-
ed States from 4 to 7 April. The trough system was
small in amplitude as it crossed the western third of
the country on 4–5 April, but amplified and formed
a deepening cyclonic vortex at 500 hPa off the East
Coast by 0000 UTC 7 April.

• The amplifying trough was associated with an inten-
sifying cyclonic vorticity maximum as it crossed the
United States. Increasing vorticity advection accom-
panied the rapid development of the surface low and
the outbreak of heavy snowfall on 6 April.

• Geopotential height gradients increased at the base of
the trough between 0000 and 1200 UTC 6 April as
both the primary and secondary surface lows inten-
sified. At the same time, diffluence became more ev-
ident downwind of the trough, as the trough axis be-
came oriented from northwest to southeast (a negative
tilt) by 1200 UTC 6 April. The surface low deepened
rapidly and heavy precipitation developed as the dif-
fluence pattern downwind of the negatively tilted 500-
hPa trough became better defined and moved across
the coast on 6 April.

• The amplitude between the trough and downstream
ridge increased between 1200 UTC 5 April and 0000
UTC 7 April, although only a small increase in am-
plitude occurred during rapid cyclogenesis on 6 April.
The half-wavelength between the trough and down-
stream ridge decreased throughout the 36-h period
ending at 0000 UTC 7 April.

• This case is marked by a distinct dual-jet pattern with
a northern jet system extending across the northeast
United States on 4–5 April and a southern jet moving
with the short-wave trough becoming well defined at
400 hPa by 0000 UTC 6 April.

• A polar jet stretched across the northeastern United
States on 5–6 April, within the confluent region up-
wind of the trough system over southeastern Canada.
This confluent jet pattern was located above the cold
surface anticyclone over the Great Lakes region.

• A separate polar jet with maximum wind speeds ex-
ceeding 50 m s�1 at 400 hPa extended from the west
coast into the base of the upper-level trough as the
trough amplified over the central United States on 5
April. The increasing cyclonic vorticity maximum was
located in the cyclonic exit region of the jet, at the
base of the 500-hPa trough by 0000 UTC 6 April.

• Missing wind reports over the Carolinas at 1200 UTC
6 April indicate that wind speeds increased near and
upwind of the base of the trough immediately before
and during the rapid development of the secondary
cyclone on 6 April. The analyses show wind speeds
in the jet had increased to greater than 70 m s�1 at
the 400-hPa level by 1200 UTC 6 April.

• The storm system developed rapidly within the dif-
fluent exit region of the polar jet streak–trough system
as it approached the East Coast between 0600 and
1200 UTC 6 April (as modeled by Kaplan et al. 1982)
and the right-entrance region of the more northern
polar jet extends east from the New England coast.

e. 250-hPa geopotential height and wind analyses

• The height analyses clearly show the general west-to-
east flow concentrated over the central United States
in the precyclogenetic period, with the amplification
of the trough over the central United States by 6 April.

• The most intense winds at this level tend to remain
south of the developing surface low. The 80 m s�1 jet
maximum to the west of the amplifying trough axis
at 0000 UTC 6 April represents an area where the
polar jet is evident at 400 hPa and is an indication of
the subtropical jet that is maximized near 200 hPa.
These jet systems remain interconnected as they ap-
proach the East Coast with a well-defined exit region
at 1200 UTC 6 April, the time of rapid cyclogenesis.

f. Infrared satellite imagery sequence

• A distinct cloud mass with cold cloud tops moved
through the southeastern United States between 0000
UTC 5 April and 0000 UTC 6 April. These upper-
level clouds were positioned well in advance of the
amplifying upper-level trough crossing the United
States, and may have been related to the wind max-
imum evident at 250 hPa passing off the Southeast
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coast during this period. The cold cloud region was
associated with an area of light to moderate rainfall
across the southeastern United States. By 0000 UTC
6 April, it was located near the weak surface low along
the Southeast coast.

• A separate cloud mass extending from Missouri to
Minnesota at 1200 UTC 5 April was associated with
the upper-level trough and was located north of the
surface low over Oklahoma. This cloud mass re-
mained in the diffluent exit region of the polar jet as
it propagated eastward and increased in magnitude at
400 hPa between 1200 UTC 5 April and 1200 UTC
6 April.

• The comma shape of the cloud mass was evident as

early as 1200 UTC 5 April, in association with the
development of the primary cyclone. There was no
marked redevelopment of the comma head as the sec-
ondary cyclone deepened after 1200 UTC 6 April.
The cloud mass consolidated into a more distinct com-
ma-shaped cloud feature by 0000 UTC 7 April, how-
ever, as the surface low intensified rapidly off the East
Coast. The heaviest snows fell along the southern edge
of this cloud feature.

• The comma cloud evolved into the spiraling cloud
mass, which characterized the occlusion stage of the
cyclone by 1200 UTC 7 April. An eye was briefly
visible late on 6 April as the cyclone was deepening
rapidly south of New England.
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TABLE 10.20-1. Snowfall amounts for urban and selected
locations for 10–12 Feb 1983; see Table 10.1-1 for details.

NESIS � 6.28 (category 4)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

22.8 in. (58 cm)
22.8 in. (58 cm)
21.3 in. (54 cm)
22.0 in. (56 cm)
13.5 in. (34 cm)

Other selected snowfall amounts
Woodstock, VA
Allentown, PA
Harrisburg, PA
Hartford, CT
Roanoke, VA
Richmond, VA

32.0 in. (81 cm)
25.2 in. (64 cm)
25.0 in. (64 cm)
21.0 in. (53 cm)
18.6 in. (47 cm)
17.7 in. (45 cm)

20. 10–12 February 1983
a. General remarks

• This snowstorm was one of many cyclones to affect
the eastern United States during a winter that was
unusually warm and stormy, but it was one of the few
storms accompanied by temperatures cold enough for
snowfall in the Northeast urban corridor. The heaviest
snows from this storm were oriented near a line
through Washington, Baltimore, Philadelphia, New
York, and Boston. The 24-h snowfalls at Philadelphia,
Harrisburg, and Allentown, Pennsylvania, and Hart-
ford, Connecticut, were the greatest on record. For
many other cities, this was one of the heaviest snow-
storms on record. Accumulations reached 30 in. (75
cm) in parts of northern Virginia, western Maryland,
and the panhandle of West Virginia. Given the wide-
spread severe effects of this storm in the heavily pop-
ulated Northeast urban corridor, Sanders and Bosart
(1985a,b) named this the Megalopolitan Snowstorm.
Thunderstorms were observed at many locations from
Washington to New York City during the afternoon
and evening of 11 February. Winds were not as crip-
pling as in some other storms, but wind speeds were
still high enough to create blizzard or near-blizzard
conditions from eastern Pennsylvania and northern
Delaware to Massachusetts.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): West Virginia (except the
extreme southwest and northwest), Virginia (except
the extreme southwest and the Tidewater area), Mary-
land (except the extreme southeast), Delaware, the
southeastern half of Pennsylvania, New Jersey, south-
eastern New York, Connecticut, Rhode Island, Mas-
sachusetts, and extreme southern New Hampshire.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northern Virginia, north-
eastern West Virginia, central and northern Maryland,
southeastern Pennsylvania, central and northern New
Jersey, southeastern New York, central Connecticut,
and parts of Massachusetts.

b. Surface analyses

• A 1035–1040-hPa anticyclone drifted very slowly
from eastern Ontario into southwestern Quebec while
the cyclone was propagating across the southeastern
United States on 10–11 February. This anticyclone
brought one of the few colder than normal air masses
to affect the United States during the entire winter.

• The distinct high pressure ridge from New York to
North Carolina indicated cold-air damming on 10–11
February. Coastal frontogenesis was observed along
the coast of the Carolinas prior to 1200 UTC 10 Feb-
ruary.

• The surface low developed along the Gulf coast on 9
February and moved eastward to southern Georgia by

0000 UTC 11 February. It then propagated north-
eastward along the coastal front near the Southeast
coast during 11 February, before turning more to the
east-northeast after passing the Virginia coast at 0000
UTC 12 February. The low appeared to jump or re-
develop from southern Georgia to near the South Car-
olina coast early on 11 February. Heavy snow devel-
oped in the mountains of North Carolina and in south-
ern and western Virginia after 0000 UTC 11 February
and spread through the urban centers of the Northeast
coastal region during 11 February. The forward speed
of the cyclone varied between 10 and 20 m s�1.

• The storm deepened slowly and erratically as it prop-
agated from Georgia to near southeastern Virginia on
10–11 February with the central sea level pressure
remaining above 995 hPa. The cyclone deepened rap-
idly only when it had moved east of New England
after 1200 UTC 12 February.

• Pressures never fell below 1012 hPa in the major cities
of the Northeast, with oscillating pressure tendencies
observed from Washington to Boston, Massachusetts,
during the course of the storm. Evidence presented by
Bosart and Sanders (1986) indicates that the erratic
pressure tendencies and an outbreak of thunderstorms
from Washington to New York City were associated
with a gravity wave. Snowfall rates of 2–5 in. (5–12
cm) per hour were reported during the convective out-
break.

• The distance between the low and high pressure cen-
ters along the Atlantic seaboard decreased as the storm
moved up the coast on 11 February. This increased
the sea level pressure gradient north of the low center
and strengthened the easterly flow from the Atlantic
toward the region of maximum snowfall, and helped
create blizzard or near-blizzard conditions along the
Northeast coast from Delaware northward.

c. 850-hPa analyses

• Strong northwesterly flow and cold-air advection at
850 hPa covered the northeastern United States
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FIG. 10.20-1. Snowfall (in.) for 10–12 Feb 1983. See Fig. 10.1-1 for details.

through 10 February, beneath a region of confluent
upper-level geopotential heights. A large 850-hPa
temperature gradient was established along the East
Coast, with temperatures ranging from 0�C over cen-
tral North Carolina to �20�C over Maine.

• By 0000 UTC 11 February, cold air remained over
New England while south-to-southeasterly winds and
warm-air advection increased near the Southeast and
middle Atlantic coasts, where 850-hPa heights were
falling significantly. As a result, temperature gradients
along the Southeast and middle Atlantic coasts in-
creased sharply at 0000 UTC 11 February and 0000
UTC 12 February. At these times, moderate to heavy
precipitation developed to the west of the coastal front,
over the regions experiencing the largest warm-air ad-
vection at 850 hPa.

• The increasing temperature gradients were associated
with the development of an S-shaped isotherm pattern
along the East Coast between 1200 UTC 11 February
and 0000 UTC 12 February. The 850-hPa low center

was located on the warm side of the 0�C isotherm
through 0000 UTC 11 February, but became collo-
cated with the 0�C isotherm as it approached the At-
lantic coast at 1200 UTC 11 February.

• The 850-hPa low alternately deepened and filled
slightly between 0000 UTC 10 February and 1200
UTC 11 February. It then deepened slowly after 1200
UTC 11 February as it moved off the East Coast.

• Although this storm produced some of the deepest
snow amounts of any of the cases examined, the low-
level jets (LLJs) associated with it were only of mod-
erate intensity. Easterly-to-southeastery winds to the
north of the 850-hPa low center at 1200 UTC 11 Feb-
ruary were analyzed at 25 m s�1, although several key
reports were missing. The increasing southeasterly to
easterly winds along and just east of the coast acted
to enhance the moisture transport into the region of
heavy snowfall on 11–12 February. This effect was
aided by the slow movement of the 850-hPa low, av-
eraging less than 15 m s�1, which maintained a strong
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FIG. 10.20-2. Twelve-hourly surface weather analyses for 0000 UTC 10 Feb–1200 UTC 12 Feb 1983. See Fig. 10.1-2 for details.
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FIG. 10.20-3. Twelve-hourly 850-hPa analyses for 0000 UTC 10 Feb–1200 UTC 12 Feb 1983. See Fig. 10.1-3 for details.
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FIG. 10.20-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 10 Feb–1200 UTC 12
Feb 1983. See Fig. 10.1-4 for details.
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FIG. 10.20-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 10 Feb–1200 UTC 12 Feb 1983.
See Fig. 10.1-5 for details.
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FIG. 10.20-6. Twelve-hourly infrared satellite images for 0000 UTC 10 Feb–1230 UTC 12 Feb 1983. See Fig. 10.16-6 for more details.
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moisture flow into the middle Atlantic region for a
protracted period.

• By 1200 UTC 12 February, strong winds circled the
developing 850-hPa vortex, with easterly winds on
the north side of the vortex exceeding 30 m s�1, di-
rected at the area of heaviest snowfall over eastern
Massachusetts.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during one of the strongest El
Niño’s of the 20th century. It also occurred during
one of the few periods in the months following Oc-
tober 1982 in which the North Atlantic Oscillation
(NAO) was negative. A distinct negative NAO in the
daily values began around 3 February and continued
through much of February, reaching its lowest value
near 10 February, then rising sharply through 12 Feb-
ruary (but still remaining negative). The negative
NAO was characterized by a large cutoff upper ridge
at 500 hPa over the North Atlantic southeast of Green-
land that moved eastward past Iceland by 12 February.

• Prior to cyclogenesis along the East Coast, an intense,
nearly stationary 500-hPa anticyclone east of Green-
land and a slow-moving trough across southeastern
Canada dominated the circulation pattern. The trough
in Canada combined with the general westerly flow
across the northern United States to produce a pro-
nounced confluent geopotential height pattern over the
Great Lakes and northeastern United States on 10–11
February. The surface anticyclone and low-level cold-
air advection were located beneath this confluence
zone.

• A basically zonal flow pattern with several embedded
weak troughs extended across the United States on 10
February. A ridge developed over the western United
States on 11 February with two separate well-defined
troughs developing east of the Rocky Mountains. One
trough was associated with the East Coast storm on
11–12 February while the other produced a new low
pressure center in the Gulf of Mexico on 12 February.

• The trough that accompanied the East Coast storm
was associated with the merger of two distinct cy-
clonic vorticity maxima: one propagating across the
Gulf states and the other moving east-southeastward
across the central plains on 10 February. Between
0000 UTC 10 February and 0000 UTC 11 February,
a pronounced pattern of diffluent geopotential heights
developed immediately downwind of the trough axis
over the southeastern United States. The surface low
and heavy precipitation developed within this difflu-
ence region in conjunction with cyclonic vorticity ad-
vection along the East Coast.

• The amplitude of the trough and downstream ridge
increased only slightly through 1200 UTC 11 Feb-
ruary. A closed cyclonic circulation appeared briefly

over the middle Atlantic states at 0000 UTC 12 Feb-
ruary.

• The half-wavelength between the trough and the
downstream ridge decreased, especially between 1200
UTC 11 February and 0000 UTC l2 February, when
heavy snow was falling across the middle Atlantic
states and southern New England.

• More detailed diagnostic analyses of this case ex-
amining the influence of gravity wave phenomena, the
possible roles of frontogenetical forcing and sym-
metric instability, and a detailed Doppler radar anal-
ysis can be found in Emanuel (1985), Bosart and
Sanders (1986), and Sanders and Bosart (1985a,b). A
description of the upper-level jet streaks and their as-
sociated vertical transverse circulations can be found
in Uccellini and Kocin (1987) and is highlighted for
this case in chapter 4 in volume I.

• The case is marked by two distinct jet systems: a
northern jet located within the confluent zone preced-
ing cyclogenesis and a southern jet associated with
the trough moving toward the East Coast on 11 Feb-
ruary.

• A 50 m s�1 polar jet located within the confluent flow
over the northeastern United States coincided with the
southeastward extension of the surface anticyclone
over New England on 10–11 February. Uccellini and
Kocin (1987) show that the direct transverse circu-
lation in the confluent entrance region of this jet con-
tributed to the low-level cold-air advection pattern in
the northeastern United States that maintained the cold
air that kept the precipitation as all snow in the North-
east urban corridor.

• Unlike many of the other cases, the jets propagating
into the western portion of the trough that was asso-
ciated with the East Coast storm were relatively weak
(close to 50 m s�1), especially before the merger of the
two short-wave features at 0000 UTC 11 February.

• As shown by Uccellini and Kocin (1987), an indirect
circulation in the exit region of the polar jet streak
over the southeast United States at 1200 UTC 11 Feb-
ruary accentuated the low-level warm-air advection
and moisture transport toward the region of heavy
snow over the middle Atlantic states. The developing
cyclone and LLJ off the East Coast were both located
within this diffluent exit region of this jet. The rising
branches of the transverse circulations of both jet sys-
tems over New England combined to produce a sloped
pattern of ascent collocated with the region of heavy
snowfall that appeared to extend up toward the right-
entrance region of the northern jet.

• By 1200 UTC 11 February and through 1200 UTC
12 February, the right-entrance region of the southern
jet became laterally coupled.

• A jet streak with pronounced cross-contour flow prop-
agated from the ridge crest in southwestern Canada
toward the base of the second major trough over the
southern United States by 0000 UTC 12 February.
These features were associated with the development
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of a new cyclone over the Gulf of Mexico late on 12
February.

e. 250-hPa geopotential height and wind analyses

• The height analyses clearly illustrate the pronounced
trough extending into southeast Canada and general
west-to-east flow that followed the precyclogenetic
period for this case. The developing trough in the
Southeast with increasing diffluence downwind of the
trough axis on 10–11 February and enhanced conflu-
ence over the Northeast that mark other cases are ev-
ident by 0000 UTC 11 February.

• While there was an increase in the wind speeds over
the Northeast at 0000 UTC 11 February as the pre-
cipitation shield expanded northward and the conflu-
ent flow increased, this change was rather modest as
compared to other cases.

• The most significant jet feature at this level was the
subtropical jet (STJ) that emerged from the Mexico–
Texas border on 11 February and translated across the
northern Gulf of Mexico to the Southeast coast by
1200 UTC 12 February. By 1200 UTC 11 February,
the diffluent exit region of this STJ extended above
the exit region of the polar jet propagating eastward,
then northeastward along the East Coast during the
same period.

f. Infrared satellite imagery sequence

• The shape of the cloud mass associated with the storm
changed character during the life cycle of the cyclone.
At 0000 UTC 10 February, the cloud mass was marked
by a distinct western edge and a small, organized cen-
ter over Louisiana, similar to Carlson’s (1980) sche-
matic for the initial stages of cyclone development.

A distinct comma-shaped pattern emerged at 1200 and
2330 UTC 10 February as the surface low moved
slowly eastward along the Gulf coast. The northern
edge of the cloud shield was generally aligned with
the axis of the confluent polar jet at 400 and 250 hPa
over the northeast United States.

• At 2330 UTC 10 February, a comma-shaped cloud
over the eastern United States was located downwind
of the 500-hPa cyclonic vorticity maximum over
Georgia. The larger cloud mass extended westward to
a small comma-shaped cloud pattern over the Kansas–
Missouri border, which was associated with a separate
vorticity maximum located there.

• As the two cyclonic vorticity maxima merged into one
over Tennessee by 1200 UTC 11 February, the cloud
mass changed character again, stretching into a nar-
rower east–west band of cold cloud tops in the 1300
UTC 11 February image. This band moved slowly
northward into the northeastern United States by 2300
UTC 11 February, then drifted eastward off the New
England coast by 1230 UTC 12 February, as heavy
snow was ending across southeastern New England.
The heaviest snow occurred along the southern edge
of the high cloud tops associated with this band and
was collocated with the axis of the 850-hPa LLJ from
11 to 12 February.

• The very cold cloud tops over New Jersey, south-
eastern New York, and New England at 2300 UTC
11 February reflect the embedded convection that was
associated with the gravity wave and produced very
heavy snowfall.

• The position of the surface cold front and low center
corresponded well with the back edge of the enhanced
cloud mass at 0000 and 1200 UTC 10 February. At
later times, the surface low center was displaced south
and west of the region of high cloud tops, as a wedge
of dry air moved over the storm center from the south-
west.
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Jogger on Delacourt Circle, Central Park, Jan 1987 (copyright Alan Schein, courtesy of Kevin Ambrose,
Great Blizzards of New York City, Historical Enterprises, 1994).
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TABLE 10.21-1. Snowfall amounts for urban and selected
locations for 21–23 Jan 1987; see Table 10.1-1 for details.

NESIS � 4.93 (category 3)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

11.1 in. (28 cm)
12.3 in. (31 cm)

8.8 in. (22 cm)
11.3 in. (29 cm)

5.3 in. (11 cm)

Other selected snowfall amounts
Albany, NY
Williamsport, PA
Patuxent River, MD
Lynchburg, VA
Wilmington, DE

16.6 in. (42 cm)
15.8 in. (40 cm)
13.0 in. (33 cm)
12.3 in. (31 cm)
12.1 in. (31 cm)

Harrisburg, PA
Allentown, PA
Newark, NJ
Hartford, CT

11.4 in. (29 cm)
11.1 in. (28 cm)
11.0 in. (28 cm)
10.2 in. (26 cm)

21. 21–23 January 1987

a. General remarks

• The winter of 1986/87 will be remembered for its
many heavy snowstorms over the middle Atlantic
states and southern New England in January and Feb-
ruary.

• This storm yielded heavy snowfall from Alabama and
Georgia to New York and portions of New England.
New York City, Philadelphia, Baltimore, and Wash-
ington experienced their largest snowfall in nearly
four years. Snow accumulations were underpredicted
by many forecasters who anticipated a changeover
from snow to rain. In New York City, the changeover
did occur, but not until 8 to 12 in. (20–30 cm) of snow
had already fallen. Some lightning and thunder were
reported from Virginia to New York on 22 January.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): Virginia (except the south-
east), the southeastern half of West Virginia, Maryland
(except the eastern shore), northern Delaware, central
and eastern Pennsylvania, western and northern New
Jersey, central and eastern New York, northwestern
Connecticut, western Massachusetts, much of New
Hampshire and Vermont, and scattered area of Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): scattered sections of Vir-
ginia, Pennsylvania, and New York.

b. Surface analyses

• The cold air for this snowstorm was associated with
a relatively weak anticyclone (1022 hPa) that prop-
agated from the southern plains northeastward across
the middle Atlantic states and New England to eastern
Canada. This differs markedly from the large, intense
anticyclones (�1035 hPa) moving across southern
Canada that characterized most of the other cases (see
volume I, chapter 3.3).

• An inverted sea level high pressure ridge extending
from New Jersey to North Carolina indicated cold-air
damming at 1200 UTC 22 January. The appearance
of this high pressure ridge coincided with the devel-
opment of a pronounced coastal front parallel to the
southeastern United States coast, along which the sur-
face cyclone advanced.

• As the cyclone developed in the western Gulf of Mex-
ico, it moved very slowly, averaging only 10 m s�1

between 1200 UTC 21 January and 0000 UTC 22
January. The low center then accelerated northeast-
ward as it neared northern Florida, averaging 18–20
m s�1 in the 12-h period ending at 1200 UTC 22
January. As the cyclone reached northern Florida, a
new center formed to its northeast along the coastal
front off Georgia and South Carolina. Moderate to
heavy snow spread from Georgia to Virginia and

Maryland as the new center developed. The initial low
was absorbed into the new circulation as the second
low center began deepening rapidly.

• The low center moved northeastward along the coastal
front through eastern North Carolina on 22 January,
reaching a position just off the New Jersey coast by
0000 UTC 23 January. The center advanced at a rate
of 18–20 m s�1 over the 12-h period ending at 0000
UTC 23 January. The track of the low remained close
to the coastline, causing a changeover from snow to
rain along the immediate coast of the middle Atlantic
states. The cyclone then crossed central Long Island
and central and eastern New England, reaching south-
ern Maine by 1200 UTC 23 January. The forward
speed of the storm slowed as it crossed New England,
averaging only 12 m s�1. The onshore path of the
center brought a changeover from snow to rain from
Delaware to New York City across eastern New Eng-
land. Accumulations of greater than 10 cm generally
preceded the changeover, except in extreme south-
eastern Massachusetts, where little snow fell.

• A 300-km-wide swath of 10-in. (25 cm) snowfall was
oriented nearly parallel to the path of the surface low.
The easternmost edge of the 10-in. (25 cm) accu-
mulations was generally located between 30 and 160
km west of the low track.

• At first, the cyclone deepened slowly as it crossed the
Gulf of Mexico, with the central pressure falling from
1007 hPa at 1200 UTC 21 January to 1003 hPa by
0000 UTC 22 January, and to 996 hPa by 1200 UTC
22 January. As the low redeveloped and accelerated
along the coastal front and moved to a position east
of New Jersey, it underwent rapid deepening, with the
central pressure falling 20 hPa in only 12 h, reaching
975 hPa by 0000 UTC 23 January. The storm con-
tinued to intensify as it crossed Long Island and New
England, attaining a minimum pressure of 966 hPa
over Maine. The rapid development phase was ac-



C H A P T E R 1 0 537T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

FIG. 10.21-1. Snowfall (in.) for 21–23 Jan 1987. See Fig. 10.1-1 for details.

companied by snowfall rates of 1–3 in. (2.5–7.5 cm)
per hour from North Carolina to New England.

• A dissipating cold front ushered in the coldest air of
the season in the wake of the storm, resulting in per-
sistent winter weather conditions across the middle
Atlantic states and New England, and setting up the
middle Atlantic states for another major winter storm
2 days later.

c. 850-hPa analyses

• A wedge of cold 850-hPa temperatures (�10� to
�15�C) advanced from the Great Lakes into the mid-
dle Atlantic states and New England on 21 January
behind a weak upper-level trough crossing the north-
eastern United States and eastern Canada. This pool
of cold air was located beneath a region of confluence
upwind of the 500-hPa trough through 0000 UTC 22

January. Unlike many of the other cases described in
this chapter, however, the cold-air advection was as-
sociated with moderate westerly flow at 850 hPa, not
with strong northwesterly flow or with an intense sur-
face anticyclone.

• The 0�C isotherm extended from the Texas coast
across North Carolina on 21 January, prior to the de-
velopment of the 850-hPa low in the southeastern
United States. As the cyclone moved northeastward,
the 0�C isotherm remained nearly stationary through
1200 UTC 22 January. It then buckled into the familiar
S-shaped pattern by 0000 UTC 23 January, as warm-
air advection increased in advance of the 850-hPa low
center and cold-air advection increased to its rear. The
increasing warm-air advection from 1200 UTC 22
January through 0000 UTC 23 January was accom-
panied by heavy snowfall rates from the Carolinas to
New England.

• The 850-hPa low center deepened at an accelerating
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FIG. 10.21-2. Twelve-hourly surface weather analyses for 1200 UTC 21 Jan–0000 UTC 24 Jan 1987. See Fig. 10.1-2 for details.
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FIG. 10.21-3. Twelve-hourly 850-hPa analyses for 1200 UTC 21 Jan–0000 UTC 24 Jan 1987. See Fig. 10.1-3 for details.
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FIG. 10.21-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 21 Jan–0000 UTC 24
Jan 1987. See Fig. 10.1-4 for details.
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FIG. 10.21-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 21 Jan–0000 UTC 24 Jan 1987.
See Fig. 10.1-5 for details.
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FIG. 10.21-6. Twelve-hourly infrared satellite images for 1201 UTC 21 Jan–0001 UTC 24 Jan 1987. See Fig. 10.16-6 for more details.
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rate as it progressed northeastward from the Gulf of
Mexico to Maine from 21 through 23 January. The
deepening rate increased to �90 m per 12 h in the
period ending at 1200 UTC 22 January, and to �180 m
per 12 h in the following 12-h period, as the cyclone
moved northeastward along the Atlantic coast. The
increased deepening rate was reflected in the ampli-
fying local height falls observed around the low cen-
ter.

• A south-to-southwesterly LLJ began developing along
the Gulf coast at 0000 UTC 22 January, amplified,
and shifted to the Southeast coast by 1200 UTC 22
January, immediately upwind of the heaviest precip-
itation. As the storm intensified rapidly, easterly winds
to the north of the 850-hPa low center increased to
30–35 m s�1 by 0000 and 1200 UTC 23 January.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm and the following two snowstorms oc-
curred during a winter marked by the strongest El
Niño since 1982–83 (Fig. 2–19, volume I) and was a
particularly stormy winter. While 1986 ended with 3
months dominated by the positive phase of the North
Atlantic Oscillation (NAO), the NAO became nega-
tive around 1 January and remained mostly negative
through mid-March. Daily values of the NAO were
becoming increasingly negative during the period in
which the storm developed and moved up along the
East Coast, reaching its nadir on 25 January. Analyses
of 500-hPa data show an upper trough over Greenland
on 21 January that yields to a building ridge centered
east of Iceland by 0000 UTC 23 January, suggestive
of the negative NAO.

• The cyclone developed as a deepening large-scale
500-hPa trough was becoming established over the
central and eastern United States on 21–22 January
downwind of a high-amplitude ridge over western
North America. A major 500-hPa anticyclone became
established over the North Atlantic Ocean east of
Greenland on 21–22 January.

• Prior to cyclogenesis along the East Coast on 22 Jan-
uary, a region of confluence was observed behind a
500-hPa trough moving rapidly along the northeastern
United States–Canada border. Rising sea level pres-
sures and a weak surface anticyclone extended north-
eastward within this confluence zone and supplied
cold air for this snow event.

• The surface cyclone developed in the Gulf of Mexico
as a trough initially over Mexico began to move east-
ward and merged with the larger-scale trough devel-
oping over the central United States on 22 January
with a distinct vorticity maximum located over Lou-
isiana by 1200 UTC 22 January 1987.

• By 0000 and 1200 UTC 23 January, a distinct 500-
hPa height minimum and associated cyclonic vorticity

maximum moved northeastward along the East Coast,
as the surface cyclone reached its lowest central pres-
sure over northern New England.

• A diffluent geopotential height pattern was not evident
downwind of the trough axis until 0000 UTC 23 Jan-
uary, after the onset of rapid sea level development
and the entire system moved toward New England.

• During the 24-h period between 1200 UTC 22 January
and 1200 UTC 23 January, the 500-hPa trough rotated
from a north–south line (from Wisconsin to Louisi-
ana), to a northwest–southeast axis (a negative tilt),
then to a west–east orientation (from southern Quebec
to Maine). This tendency was accentuated by the in-
teraction of the short-wave trough with a major trough
moving south from Canada to the Great Lakes and
deepening on 23 January. Concurrently, the surface
low moved from Florida to Maine and deepened near-
ly 30 hPa.

• The amplitude of the trough and downstream ridge
increased through 0000 UTC 23 January, with a con-
current decrease of the half-wavelength between the
axes.

• The jet streak aspects of this case were not like many
others, in that a southwest–northeast-oriented jet ex-
tending from Texas to Maine dominated the precy-
clogenetic period, rather than a confluent jet oriented
west–east across the northeast United States. As the
trough deepened over the southeast United States, a
distinct southern jet system developed during and after
surface cyclogenesis.

• A jet streak with wind speeds exceeding 70 m s�1 was
located near the base of the trough moving rapidly
along the United States–Canada border on 21 January.
The surface anticyclone built northeastward from the
south-central United States within the confluent en-
trance region of this intense jet streak.

• Two separate jet streaks were observed over the east-
ern United States by 1200 UTC 22 January, as rapid
cyclogenesis commenced along the southeast coast.
The rapidly expanding area of heavy snowfall from
Georgia to Maryland appeared to lie between the en-
trance region of the jet over the Northeast and the exit
region of the jet that extended from the eastern Gulf
of Mexico to southeastern Virginia. Unfortunately, the
detailed structure of the jet streak along the East Coast
may be difficult to define beyond this reanalysis, since
many upper-level wind reports were missing. Maxi-
mum wind speeds within this jet exceeded 70 m s�1

by 0000 UTC as the surface cyclone deepened rapidly
off the middle Atlantic coast on 23 January.

• A jet streak with wind speeds of at least 50–60 m s�1

was located to the west of the deepening large-scale
trough at all times. A separate jet streak located over
central Canada through 1200 UTC 22 January was
associated with a southward-propagating vortex that
maintained very cold conditions over the northeastern
United States during the following week.
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e. 250-hPa geopotential height and wind analyses

• The upper-tropospheric geopotential analyses clearly
show the ridging along the West Coast, the deepening
of the downstream trough into the northern Gulf of
Mexico as the surface cyclogenesis commenced in that
region by 0000 UTC 22 January, and the merger with
a second deepening trough over the Great Lakes by
0000 UTC 24 January.

• Perhaps the most important feature gleaned from this
analysis is the southwest–northeast-oriented 90–100
m s�1 jet streak extending from the south-central Unit-
ed States northeastward toward New England and
southeastern Canada on 22 January, within a notice-
ably confluent region.

• The expanding precipitation shield on 22 January ap-
pears to extend northeastward between 1200 UTC 21
January and 1200 UTC 22 January, along with the
elongated surface low pressure system developing
along the East Coast, within the right-entrance region
of this intense jet streak.

• As the trough deepened over the United States by 1200
UTC 22 January and a cutoff low developed over the
Great Lakes, a separate, more polar, jet system prop-
agated into the central United States. This jet increased
to greater than 70 m s�1 by 0000 UTC 24 January,
well after the snowstorm had moved into eastern Can-
ada and cold air had settled over the eastern half of
the nation. This jet and a short-wave trough over the
Rocky Mountains at 0000 UTC 24 January played a

significant role in the development of the next snow-
storm in the middle Atlantic states on 25–27 January.

f. Infrared satellite imagery sequence

•
The infrared satellite images show a cloud pattern
similar to that exhibited by the storm of 19–20 January
1978, with the rapid expansion of high clouds well to
the north of the developing surface cyclone. The rapid
expansion of the cloud mass occurred within the en-
trance region of the intense jet streak over the Ohio
Valley. The northern and western edges of this cloud
mass were aligned with the axis of the 90–100 m s�1

upper-level jet extending from the Ohio Valley to New
England at 0000 and 1200 UTC 22 January.

• At 1200 UTC 22 January, much of the heavy precip-
itation was located from beneath the highest cloud
tops southward to the edge of the highest cloud tops
over Georgia. By 0000 UTC 23 January, however, the
heavy precipitation was located primarily under the
warmer cloud-top region over the middle Atlantic
states and New England as an easterly 30–35 m s�1

LLJ emerged north of the 850-hPa low. A distinct
comma shape defined the cloud mass at that time.

• A comma shape to the cloud mass began to appear as
dry air began to race northeast over the northeastern
Gulf of Mexico at 1200 UTC 22 January, southwest
of the developing surface low. This dry-air wedge
expanded and raced northward in the following 12 h,
probably in association with the second, more south-
ern, upper-level jet that developed on the eastern flank
of the upper trough after 1200 UTC 22 January.
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Silver Spring, Maryland, 26 Jan 1987 (photo courtesy of Paul Kocin).
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TABLE 10.22-1. Snowfall amounts for urban and selected
locations for 25–27 Jan 1987; see Table 10.1-1 for details.

NESIS � 1.70 (category 1)

Urban center snowfall amounts
Washington, D.C.–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Avenue V, Brooklyn
Boston, MA

10.2 in. (26 cm)
9.6 in. (24 cm)
4.1 in. (10 cm)
4.1 in. (10 cm)
3.3 in. (8 cm)

Other selected snowfall amounts
Patuxent River, MD
Salisbury, MD
Atlantic City, NJ
Edgartown, MA
Roanoke, VA
Dover, DE
Bridgehampton, NY

18.0 in. (46 cm)
17.1 in. (43 cm)
16.3 in. (41 cm)
16.0 in. (41 cm)
13.9 in. (35 cm)
12.0 in. (30 cm)
11.0 in. (28 cm)

22. 25–27 January 1987
a. General remarks

• The second major snowstorm in 4 days severely dis-
rupted the middle Atlantic region but missed most of
New England, except southeastern Massachusetts. Al-
though the heavy snow was not as widespread as in
the previous storm, it combined with the deep snow
cover already in place and some of the coldest tem-
peratures of the season to produce severe winter
weather conditions from Virginia to New Jersey.
Washington and its suburbs were at a standstill fol-
lowing these two storms, with schools closed for a
week or more. In a continuing tradition pitting snow-
storms against urban mayors (i.e., Mayor Lindsay in
New York City following the 9–10 February 1969
snowstorm, and Mayor Jane Byrne, following a bliz-
zard in Chicago during January 1979), this snowstorm
turned into a political hot potato for Washington May-
or Marion Barry who was out of town during this and
the previous snowstorm.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): southeastern West Virginia,
central and northern Virginia, central and southern
Maryland, Delaware (except the extreme north),
southern New Jersey, eastern Long Island, and south-
eastern Massachusetts.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): none.

b. Surface analyses

• Cold air for this snowfall was established over the
north-central and northeastern United States following
the storm of 21–23 January. A broad area of high
pressure (1025–1030 hPa) extended from the northern
plains to the middle Atlantic states and New England
on 25–26 January. Another high pressure cell emerged
and drifted from the upper Midwest southward to the
Gulf coast on 26–27 January.

• Cold-air damming, marked by an inverted sea level
pressure ridge, developed over the middle Atlantic
states by 0000 UTC 26 January. Coastal frontogenesis
also occurred by this time along the coast of the Car-
olinas.

• The surface low advanced from eastern Texas to east-
ern Georgia in the 24-h period ending at 0000 UTC
26 January, averaging 12 m s�1. A center ‘‘jump’’
occurred at 0000 UTC 26 January as a new low de-
veloped along the coastal front over eastern South
Carolina. This low moved to a position near Cape
Hatteras, North Carolina, by 0600 UTC, then east-
northeastward over the Atlantic Ocean, passing ap-
proximately 200 km southeast of southern New Eng-
land. The center propagated at a rate of about 15 m s�1

as it moved from South Carolina to a position about
340 km east of the Virginia coast in the 12-h period
ending at 1200 UTC 26 January.

• A band of light to moderate snowfall developed across
the middle Atlantic states on 25 January, north of a
stationary front anchored over Tennessee and North
Carolina. As the cyclone neared the coast, heavy
snowfall developed from Virginia into southern Mary-
land, Delaware, and central and southern New Jersey.
The heavy snow area expanded east-northeastward
across eastern Long Island and extreme southeastern
New England by 1200 UTC 26 January, as the storm
moved out over the Atlantic Ocean.

• The cyclone deepened very slowly as it crossed the
southeastern United States. The central sea level pres-
sure fell from 1006 to 1003 hPa between 0000 UTC
25 January and 0000 UTC 26 January. As the surface
low turned northeastward along the Carolina coast, a
period of more significant deepening began. The cen-
tral sea level pressure fell from 1003 hPa at 0000 UTC
26 January to 990 hPa east of Virginia at 1200 UTC
26 January. This period of relatively rapid deepening
coincided with the heavy snowfall across Virginia,
Maryland, and Delaware.

• The heaviest snow fell with a well-defined 150-km-
wide band centered parallel to and about 300 km to
the north of the surface low track.

c. 850-hPa analyses

• West-to-northwesterly flow and strong cold-air ad-
vection brought an extensive area of �10� to �25�C
850-hPa temperatures over the middle Atlantic states
and New England by 25 January. A large temperature
gradient had developed north of the 0�C isotherm,
from the lower Ohio Valley across the middle Atlantic
states, by 0000 UTC 25 January.

• The 0�C isotherm generally extended from the 850-
hPa low center in the south-central United States east-
ward to the Carolina coast at 0000 and 1200 UTC 25
January. An S-shaped isotherm pattern became more
evident by 0000 UTC 26 January, as the warm-air
advection east of the 850-hPa low and cold-air ad-
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FIG. 10.22-1. Snowfall (in.) for 25–27 Jan 1987. See Fig. 10.1-1 for details.

vection to the west both strengthened. The increasing
warm-air advection was accompanied by an increase
of the temperature gradient along the Southeast coast,
south of the 0�C isotherm. The intensifying temper-
ature gradient and warm-air advection were associated
with the development of heavy snowfall over the mid-
dle Atlantic states by 0000 UTC 26 January.

• The 850-hPa low developed slowly over the south-
central United States on 25 January, similar to its
surface counterpart. Very little deepening was ob-
served through 0000 UTC 26 January, with moderate
deepening of �60 to �90 m (per 12 h) thereafter.

• A 20–25 m s�1 southerly low-level jet (LLJ) was ob-
served over the Gulf coast region through 1200 UTC
25 January, directed toward the expanding precipi-
tation area east and northeast of the surface low. The
LLJ shifted to the Carolina coast and was noticeably
ageostrophic by 0000 UTC 26 January as the surface
low pressure center ‘‘jumped,’’ or redeveloped farther

northeastward along the coast during this period. The
combination of the ageostrophic LLJ, falling pressure
along the coastal front, and the expanding precipita-
tion shield is similar to the precyclogenetic period of
the February 1979 Presidents’ Day snowstorm.

• As the 850-hPa low deepened off the Virginia coast
by 1200 UTC 26 January and off the New England
coast by 0000 UTC 27 January, increasing wind
speeds of 20 m s�1 and greater appear to the north of
the low. These wind speeds spiraling around the 850-
hPa low center are slightly less than those that de-
veloped within many other cases.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This was another storm that occurred during the El
Niño of 1986–87. It also occurred during a period in
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FIG. 10.21-2. Twelve-hourly surface weather analyses for 0000 UTC 25 Jan–1200 UTC 27 Jan 1987. See Fig. 1.1-2 for details.
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FIG. 10.22-3. Twelve-hourly 850-hPa analyses for 0000 UTC 25 Jan–1200 UTC 27 Jan. See Fig. 10.1-3 for details.
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FIG. 10.22-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 25 Jan–1200 UTC 27
Jan 1987. See Fig. 10.1-4 for details.
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FIG. 10.22-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 25 Jan–1200 UTC 27 Jan 1987.
See Fig. 10.1-5 for details.
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FIG. 10.22-6. Twelve-hourly infrared satellite images for 0001 UTC 25 Jan–1201 UTC 27 Jan 1987. See Fig. 10.16-6 for more details.
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which the North Atlantic Oscillation (NAO) was neg-
ative but trending less negative, and was marked by
a distinct cutoff upper ridge at 500 hPa east of Green-
land.

• Prior to East Coast cyclogenesis, the 500-hPa circu-
lation was dominated by an intense vortex over eastern
Canada that was associated with the East Coast storm
a few days earlier and the cold-air outbreak that fol-
lowed it. A nearly stationary 500-hPa anticyclone just
east of Greenland slowed the movement of this vortex,
maintaining cold air in the north-central and north-
eastern United States. The west coast of North Amer-
ica was characterized by a deamplifying ridge across
Canada and a diffluent jet system crossing the coast-
line. The trough that spawned this storm crossed the
southwestern and south-central United States between
23 and 25 January in a westerly flow regime.

• The geopotential height field showed pronounced con-
fluence across the northeastern United States through
26 January. This confluence zone was located above
the sea level high pressure area and the west-north-
westerly flow and cold-air advection at 850 hPa. The
presence of a large 500-hPa vortex over eastern Can-
ada, a 500-hPa anticyclone near Greenland, conflu-
ence across the northeastern United States, and a
trough moving eastward through the southern United
States produced a pattern similar to many other snow-
storms examined in this chapter.

• The trough that was associated with the Northeast
snowstorm was marked by pronounced cyclonic cur-
vature at the base as it propagated from Texas to the
southeastern United States on 25 January. A distinct
cyclonic vorticity maximum and its associated cy-
clonic vorticity advection pattern were observed with
this trough as it moved into the south-central United
States and then east-northeastward along the East
Coast on 26 January. The 500-hPa trough remained
an open wave, with little increase in amplitude during
cyclogenesis.

• The amplitude between the trough and its downstream
ridge increased between 1200 UTC 25 January and
1200 UTC 26 January, a period marked by small, but
increasing, surface deepening rates.

• Diffluence was evident downwind of the trough axis
at all times. A northwest-to-southeast trough orien-
tation (negative tilt) evolved on 25 January and was
most prominent at and after 0000 UTC 26 January.
The surface low and precipitation developed within
the diffluent flow downwind of the trough axis.

• This case is marked by the dual-jet pattern with a
northern and southern jet streak interacting during and
after the onset of cyclogenesis and the rapid expansion
of heavy snowfall across the middle Atlantic states.

• A polar jet was located within the highly confluent
flow over the northeastern United States on 25–26
January. Maximum wind speeds within this jet streak
exceeded 60 m s�1 on 25–26 January, with wind
speeds greater than 70 m s�1 analyzed at 0000 UTC

25 January. A band of snowfall developed across the
middle Atlantic states within the anticyclonic entrance
region of the jet on 25 January.

• Separate jet features were evident upstream and down-
stream of the trough axis in the south-central United
States during most of the observing period. A 50�
m s�1 wind maximum remained near the base of the
trough as it propagated toward the East Coast, with
some hint of a separate wind maximum developing
east of this trough axis over northern Florida at 0000
UTC 26 January. By 0000 UTC 26 January, this com-
plex jet streak structure exhibited a defined diffluent
exit region over the southeastern United States, above
the area marking the surface low pressure center jump
and associated surface cyclogenesis. This jet–trough
system, in combination with the well-defined jet streak
entrance region over the northeastern United States
indicated the presence of the ‘‘laterally coupled’’
transverse circulations noted for other cases and de-
scribed in chapter 4 of volume I.

e. 250-hPa geopotential height and wind analyses

• The 250-hPa geopotential height field illustrates the
confluent zone in the Northeast that preceded cyclo-
genesis and maintained cold air across the middle At-
lantic states that resulted in snow, rather than rain.
The 250-hPa analyses also illustrate the amplifying
trough over the south-central United States by 0000
UTC 26 January.

• A jet streak exceeding 70 m s�1 developed east of the
trough axis moving from Texas to northern Florida by
1200 UTC 25 January. This wind maximum represents
the lower extension of the subtropical jet extending
from the northern Gulf of Mexico to the northeast
United States and overlaying a polar jet located east
of the 500-hPa trough axis at 0000 UTC 27 January.

• The laterally coupled jets are evident at this level at
1200 UTC 26 January with the 992-hPa surface cy-
clone, LLJ east of the 850-hPa low center, and exten-
sive precipitation area located in the right-entrance
region of the northern polar jet and the exit region of
the southern subtropical jet.

f. Infrared satellite imagery sequence

• By 1201 UTC 25 January, a cloud mass with cold
cloud-top temperatures developed across Kentucky,
Tennessee, Alabama, and Georgia, to the north and
east of the surface low and was associated with an
expanding area of light to moderate rain. A band of
high cloud tops, though not as cold as the main cloud
mass, streamed eastward from Kentucky across Vir-
ginia and New Jersey. This cloud area was associated
with a band of light snow to the north of a stationary
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surface front and within the confluent entrance region
of the upper-level jet streak evident at 400 hPa ex-
tending from Pennsylvania across New England.

• A separate region of high clouds streaming eastward
from the southeastern states at 0000 UTC 25 January
moved well offshore in advance of the main comma
cloud by 0001 UTC 26 January, in association with
the subtropical jet observed at 250 hPa.

• By 0000 UTC 26 January, the cloud mass from the
Tennessee Valley had expanded northeastward and at-
tained a comma shape. This cloud mass was located
within the diffluent exit region of the upper-level jet

streak near and to the east of the base of the trough
over the southeastern United States. The heaviest
snow was falling over Virginia, near the southern edge
of the coldest cloud tops that formed the comma head.
The comma cloud continued to drift northeastward
without any marked change in its shape through 1200
UTC 27 January.

• A clear tongue was observed in the southwestern
quadrant of the developing cyclone after 0000 UTC
26 January, coincident with the combination of polar–
subtropical jets located to the south of the surface low
pressure center.
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Silver Spring, Maryland, 23 Feb 1987 (photo courtesy of Paul Kocin).
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TABLE 10.23-1. Snowfall amounts for urban and selected
locations for 22–24 Feb 1987; see Table 10.1-1 for details.

NESIS � 1.46 (category 1)

Urban center snowfall amounts
Washington, DC–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Kennedy Airport

12.0 in. (30 cm)
10.1 in. (26 cm)

6.8 in. (17 cm)
6.1 in. (15 cm)

Other selected snowfall amounts
Coatesville, PA
Clarksville, MD
Wilmington, DE
Martinsburg, WV
Dover, DE

23.5 in. (60 cm)
18.2 in. (46 cm)
14.4 in. (37 cm)
13.3 in. (34 cm)
10.5 in. (27 cm)

23. 22–24 February 1987

a. General remarks

• This rapidly developing cyclone produced an 8–12-h
period of very heavy, wet snowfall across portions of
the middle Atlantic states. It was later responsible for
the deaths of 48 at sea over the western Atlantic (Reed
et al. 1992). The heavy loading of snow produced
great damage to tree limbs and power lines, resulting
in the loss of electricity to hundreds of thousands of
people in the middle Atlantic states.

• The snowstorm occurred primarily during the night
of 22/23 February, and came in stark contrast to the
pleasant, mild, 10�C conditions of the preceding af-
ternoon. An important aspect of this case is the widely
varying operational numerical model forecasts of the
location and intensity of cyclogenesis. Despite the in-
consistency of the model forecasts and the unusually
warm temperatures, NWS forecasters (e.g., David
Caldwell) made accurate predictions and related warn-
ings of the timing and amount of the snowfall. The
intense cyclogenesis associated with this snowstorm
was investigated in a study by Reed et al. (1992).

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): eastern West Virginia,
northern Virginia, central and northern Maryland,
northern Delaware, southeastern Pennsylvania, central
and southern New Jersey, and part of Long Island.

• The following region reported snow accumulations
exceeding 20 in. (50 cm): portions of southeastern
Pennsylvania.

b. Surface analyses

• This snow event was preceded and followed by near
to slightly above normal temperatures. Prior to the
heavy snow, daytime temperatures on 22 February
were generally between 8� and 10�C, hardly typical
for a major snowstorm. As the snow began, temper-
atures quickly fell to near freezing, but very few lo-
cations recorded readings lower than 0� or �1�C. At
Washington’s National Airport, 10 in. (25 cm) fell in
spite of above-freezing air temperatures before and
during the storm. The warm temperatures, snowfall
rates of up to 5 in. (12 cm) h�1, and unsteady wind
speeds at the height of the storm enabled the snow to
accumulate on a host of objects unable to withstand
its weight. Tree limbs and power lines suffered ex-
tensive damage.

• The relatively mild temperatures preceding the storm
were associated with a modest anticyclone (1020–
1025 hPa) over the northeastern United States that
weakened as the cyclone developed late on 22 Feb-
ruary. Although the surface air mass was atypical for
a heavy snow event, the high pressure ridge extending
southward east of the Appalachian Mountains at 1200

UTC 22 February and 0000 UTC 23 February, indi-
cated that cold-air damming occurred prior to cyclo-
genesis.

• The cyclone that produced the heavy snow evolved
from a complex system of low pressure centers that
consolidated into one explosively developing storm
along the Southeast coast. By 0000 UTC 22 February,
a low pressure system had developed in the western
Gulf of Mexico, while another low pressure center
and a cold front were located over the northern plains.
In the following 24 h, the cold front from the plains
states drifted to the Midwest as the low center over
the Gulf of Mexico moved east-northeastward to
Georgia, accompanied by an expanding shield of light
to moderate rain.

• At 0000 UTC 23 February, rapid cyclogenesis and
heavy snowfall were about to commence over the mid-
dle Atlantic states. The Gulf low was crossing south-
ern Georgia while two new lows formed. One center
appeared over eastern Tennessee, immediately ahead
of the upper-level vorticity maximum, as another cen-
ter emerged off Charleston, South Carolina, along a
developing coastal front. In the following 3–6 h, the
South Carolina low became the dominant cyclone.

• The low along the Carolina coast intensified explo-
sively after 0000 UTC 23 February, as it tracked
northeastward along the coast from eastern North Car-
olina to southeastern Virginia. The central pressure
fell from 1004 hPa at 0000 UTC to 990 hPa by 0900
UTC on 23 February. The cyclone then followed a
more easterly path off the Maryland coast and deep-
ened at even greater rates, reaching 981 hPa by 1200
UTC and 964 hPa by 1800 UTC 23 February. The
heavy snowfall from West Virginia and Virginia
through Pennsylvania and New Jersey occurred be-
tween 0000 and 1800 UTC, during this period of rapid
intensification. Lightning and thunder with strong,
gusty winds were also observed at many locations in
the middle Atlantic states early on 23 February.

• Winds increased along the middle Atlantic coast as
the cyclone deepened rapidly early on 23 February,
but the wind speeds were not excessive, probably due
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FIG. 10.23-1. Snowfall (in.) for 22–24 Feb 1987. See Fig. 10.1-1 for details.

to the relatively small preexisting sea level pressure
gradients related to the weak anticyclone that preceded
this storm. Increasing winds were more likely related
to the isallobaric effects associated with the onset of
rapid development.

• The snow melted quickly, as temperatures rose to 5�–
10�C on the afternoon of 23 February.

c. 850-hPa analyses

• A weak northwesterly flow regime and weak cold-air
advection at 850 hPa characterized the precycloge-
netic period over the northeastern United States on
21–22 February. The 850-hPa temperatures north of
the Virginia–North Carolina border ranged between
0� and �5�C prior to the onset of the storm.

• Two 850-hPa low centers were observed at 0000 and
1200 UTC 22 February: one over Minnesota and an-
other over Texas–Louisiana. The southern low center,
which was associated with the surface low over the
Gulf of Mexico, deepened significantly as it propa-
gated northeastward. The northern low did not show
any change in intensity until it disappeared after 0000
UTC 23 February.

• As the southern low moved northeastward, a pro-
nounced S-shaped isotherm pattern developed over
the southeastern United States between 0000 and 1200
UTC 23 February, as warm-air advection increased
east and southeast of the center. This development
accompanied the more rapid deepening of the low
beginning at 0000 UTC 23 February and the outbreak
of heavy snowfall in Virginia, West Virginia, and
Maryland.
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FIG. 10.23-2. Twelve-hourly surface weather analyses for 0000 UTC 22 Feb–l 200 UTC 24 Feb 1987. See Fig. 10.1-2 for details.
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FIG. 10.23-3. Twelve-hourly 850-hPa analyses for 0000 UTC 22 Feb–1200 the 24 Feb 1987. See Fig. 10.1-3 for details.
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FIG. 10.23-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 22 Feb–1200 UTC 24
Feb 1987. See Fig. 10.1-4 for details.
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FIG. 10.23-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 22 Feb–1200 UTC 24 Feb 1987.
See Fig. 10.1-5 for details.
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FIG. 10.23-6. Twelve-hourly infrared satellite images for 0000 UTC 22 Feb–1200 UTC 24 Feb 1987. See Fig. 10.16-6 for more details.
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• Vigorous intensification of the 850-hPa low com-
menced as the complex surface low pressure area con-
solidated into one rapidly developing center along the
Carolina coast. Deepening rates increased from �60 m
(per 12 h) by 0000 UTC 23 February to �180 m (12
h)�1 by 1200 UTC 23 February. The accelerating
deepening rates were reflected in the local height
changes, which amplified from �80 m (per 12 h) over
the southern Appalachians at 0000 UTC 23 February
to �210 m (per 12 h) over eastern Virginia by 1200
UTC 23 February.

• A southerly low-level jet (LLJ) first appeared over
Louisiana and Mississippi after 1200 UTC 22 Feb-
ruary, as rain overspread the Gulf states. Wind speeds
continued to increase over the southeastern United
States to speeds greater than 25 m s�1 by 0000 UTC
23 February, at the beginning of the cyclone’s rapid
deepening stage.

• An easterly to southeasterly, noticeably ageostrophic,
wind component was observed across North Carolina
and Virginia by 0000 UTC 23 February, directed to-
ward the expanding area of heavy snow spreading
across the middle Atlantic states. The wind speeds
increased rapidly and were generally greater than 30
m s�1 south and east of the developing 850-hPa cir-
culation by 1200 UTC 23 February.

• The continued intensification of this system as it
moved over the Atlantic Ocean is illustrated by the
deep vortex and greater than 40 m s�1 wind speeds
at 1200 UTC 24 February.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm also occurred during the continuing El
Niño that marked the 1986/87 winter season and dur-
ing a significant period of negative North Atlantic
Oscillation (NAO) conditions. Daily values of the
NAO show a pronounced dip in the NAO beginning
around 11 February, reaching its low point near the
time that this storm was occurring, with values rising
rapidly thereafter. The 500-hPa analyses indicate an
upper cutoff ridge east of Greenland several days prior
to the storm that weakened as the storm developed,
with a new cutoff ridge developing near Baffin Bay.
The presence of the ridge and its weakening are con-
sistent with the negative NAO and its transition
around 24 February.

• The precyclogenetic environment at 500 hPa was
dominated by relatively stationary features over east-
ern Canada, while conditions over the western and
southern United States were changing rapidly. A large
vortex was located near Newfoundland, where it had
remained nearly stationary for the previous week. A
500-hPa anticyclone was also relatively stationary
from Hudson Bay to Greenland.

• A confluent flow was reinforced over the Great Lakes

and northeast United States as a distinct trough moved
over the Great Lakes on 23 February. The confluent
flow sustained a cool northwesterly flow across the
northeast United States on 22 February. The separate
trough over the Great Lakes supported the distinct
850-hPa circulation observed over Lake Superior in
the precyclogenetic period on 22 February.

• Farther west, the rapidly changing 500-hPa height
field featured a trough moving eastward from the
southwestern United States and a separate trough
propagating southward along the Pacific coast. Each
of these troughs was marked by a separate cyclonic
vorticity maximum.

• The East Coast storm developed when the trough over
northern Mexico and southwestern Texas on 22 Feb-
ruary accelerated eastward, as the trough along the
Pacific coast moved southward through California.
The trough exiting the southwestern United States ini-
tiated surface low pressure development over the Gulf
of Mexico, and later along the South Carolina coast.

• The trough that spawned the cyclone passed to the
south and then east of a slower-moving trough over
the northern United States on 22–23 February. These
troughs phased by 0000 UTC 23 February and then
developed a northwest-to-southeast orientation (a neg-
ative tilt). The rapidly deepening East Coast storm
was located beneath the diffluent height contours east
of the trough axis by 1200 UTC 23 February. The
heavy precipitation and cyclogenesis occurred in ad-
vance of a well-defined cyclonic vorticity center, in
the region of strong cyclonic vorticity advection as-
sociated with the southern trough.

• During the week preceding the storm, upper-level
troughs progressing eastward across the United States
encountered the large vortex centered over eastern
Canada and were suppressed and weakened. Opera-
tional numerical weather prediction models initialized
prior to 1200 UTC 22 February forecast a continuation
of this trend, as the trough over the upper Midwest
was predicted to move at a faster rate than the south-
western trough. The larger phase speed forecast for
the northern trough resulted in the complete deam-
plification of the southwestern trough as it reached the
East Coast, with the subsequent cyclogenesis pre-
dicted to be very weak and suppressed to the south
of its actual location.

• The operational model simulations initialized at 1200
UTC 22 February captured the merging more accu-
rately and alerted forecasters to the likelihood of rapid
surface development, who then issued warnings 6 h
before the onset of heavy snowfall in the Washington–
Baltimore metropolitan area. It therefore appears that
the interactions of the Great Lakes and more southern
trough systems (and their associated jet streaks) were
crucial to the evolution of this storm.

• As the trough from the southwestern United States
moved eastward, the amplitude between the upstream
ridge and trough decreased sharply by 0000 UTC 23
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February. The amplitudes of the trough and down-
stream ridge, however, remained the same or de-
creased only slightly. Although the amplitudes of the
trough and downstream ridge did not increase during
rapid cyclogenesis between 0000 and 1200 UTC 23
February, the half-wavelength between the trough and
the downstream ridge decreased dramatically.

• This case, like many others, is marked by a complex
evolution of jet maxima that evolve toward a dual-jet
pattern: one to the north of the developing cyclone
and a separate jet associated with the trough to the
south.

• The northern jet was located within the confluent zone
extending from the Ohio Valley off the New England
coast during the precyclogenetic period (0000 UTC
23 February).

• A southern jet evolves into a well-defined 60 m s�1

jet streak east of the trough axis by 0000 UTC 23
February extending from Texas to the Carolinas.

• The rapid cyclogenesis occurred within the diffluent
exit region of the southern jet and right-rear entrance
region of the northern jet after 0000 UTC 23 February.

• This dual-jet pattern was sustained as rapid cyclo-
genesis was occurring off the East Coast after 1200
UTC 23 February, and as wind speeds near the base
of the upper-level trough increased to greater than 70
m s�1 by 1200 UTC 24 February with the surface
cyclone continuing to deepen in the exit region of this
jet.

• The explosive development of the surface low, the
formation of the LLJ, and the expanding area of pre-
cipitation within the right-rear entrance region of the
northern jet and the exit region of the southern jet
between 0000 and 1200 UTC 23 February are con-
sistent with the ‘‘lateral coupling’’ concept discussed
by Uccellini and Kocin (1987) and in chapter 4 of
volume I.

e. 250-hPa geopotential height and wind analyses

• The deep trough over southeastern Canada and the
complex series of troughs in the precyclogenetic pe-
riod are quite evident for the upper troposphere, with
the confluent flow accentuated over the middle At-
lantic states on 22 February.

• A subtropical jet is evident extending from Texas into
the confluent flow with wind speeds exceeding 70 to
near 80 m s�1 through 1200 UTC 22 February.

• The jet streaks evolve into a dual-jet pattern as the
rapid cyclogenesis commences at 0000 UTC 23 Feb-

ruary, especially as the southern jet maximum be-
comes more distinct over Tennessee.

• The surface cyclone appears to be located within the
entrance region of the northern jet and the exit region
of the southern jet through 24 February as the surface
low continues to deepen into a major storm over the
Atlantic Ocean.

f. Infrared satellite imagery sequence

• The satellite images initially showed a broad expanse
of clouds across the southeastern United States, to the
south of the upper-level jet system centered over the
middle Atlantic states at 0000 UTC 22 February. By
1300 UTC 22 February, patches of enhanced cold
cloud tops were observed from Alabama to Missouri.
The black-enhanced region near the Gulf coast depicts
an outbreak of convection near the surface low center.
The expanding cloud region from Mississippi to
southern Missouri was associated with the upper-level
trough and related jet streaks propagating eastward
across Texas at this time.

• By 0000 UTC 23 February, a comma-shaped cloud
mass had developed over the eastern United States.
The arc-shaped comma head was located within the
exit region of the jet streak at the base of the trough
over Mississippi and Alabama and the entrance region
of the more northern jet. The comma head resembles
the cold conveyor belt described in chapter 4.4 of
volume I, but there was no well-defined cloud sig-
nature to identify the warm conveyor belt.

• Rapid cyclogenesis was occurring within relatively
shallow clouds over South Carolina at 0000 UTC 23
February. Although the highest cloud tops were lo-
cated well to the north, an area of convective cloud
tops was observed just south of the surface low center.
Heavy snow developed from the Virginias to southern
Pennsylvania, along the southern edge of the highest
cloud tops associated with the comma head that were
extending into the entrance region of the northern jet
streak.

• By 1200 UTC 23 February, the comma-shaped cloud
had become better organized, with the heaviest snow
located near the southwestern edge of the comma head
over New Jersey and Long Island where the 850-hPa
LLJ intensified to the north of the low-level circula-
tion. In the following 12 h, the comma cloud became
even more pronounced as the storm continued to deep-
en explosively over the ocean.



C H A P T E R 1 0 565T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

Morning commuters cross over one of many walls of ice in Manhattan, 15 Mar 1993 (photo courtesy of Kevin Ambrose, Great Blizzards
of New York City, Historical Enterprises, 1994).
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TABLE 10.24-1. Snowfall amounts for urban and selected
locations for 12–14 Mar 1993; see Table 10.1-1 for details.

NESIS � 12.52 (category 5)

Urban center snowfall amounts
Washington, DC–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

13.9 in. (35 cm)
11.9 in. (30 cm)
12.3 in. (31 cm)
12.3 in. (31 cm)
12.8 in. (32 cm)

Other selected snowfall amounts
Syracuse, New York
Beckley, WV
Albany, NY
Pittsburgh, PA
Scranton, PA

42.9 in. (109 cm)
30.9 in. (78 cm)
26.6 in. (68 cm)
25.3 in. (64 cm)
21.4 in. (54 cm)

Harrisburg, PA
Worcester, MA
Charleston, WV
Elkins, WV
Portland, ME

20.4 in. (52 cm)
20.1 in. (51 cm)
18.9 in. (48 cm)
18.8 in. (48 cm)
18.6 in. (47 cm)

Allentown, PA
Concord, NH
Roanoke, VA
Hartford, CT
Wilmington, DE

17.6 in. (46 cm)
17.0 in. (44 cm)
16.0 in. (41 cm)
14.8 in. (38 cm)
13.7 in. (35 cm)

Birmingham, AL
Newark, NJ
Bridgeport, CT
Providence, RI

13.0 in. (33 cm)
12.7 in. (32 cm)
10.8 in. (27 cm)
10.2 in. (26 cm)

24. 12–14 March 1993

a. General remarks

• The March 1993 ‘‘Superstorm’’ was one of the most
paralyzing extratropical cyclones of the 20th century
(see Gilhousen 1994; Kocin et al. 1995; Uccellini et
al. 1995; Caplan 1995; Bosart et al. 1996; Dickinson
et al. 1997; Huo et al. 1995, 1998, 1999a,b). This
storm produced snow over much of the eastern United
States, affecting over 100 million people and likely
produced the greatest distribution of significant snow
of any storm during the 20th century (Kocin et al.
1995).

• Heaviest snows fell along the Appalachians, where
amounts exceeded 40 in. (100 cm) in several states
while much of the Northeast urban corridor received
between 6 and 15 in. of snow (15–38 cm), with lesser
amounts related to snow changing to ice pellets and
rain and then back to snow. The storm was responsible
not only for record snows, but also produced a tornado
outbreak across Florida as well as storm surge flooding
in northwestern Florida. Damage from the storm was
estimated in the billions of dollars, produced the larg-
est air traffic disruption in history to date, and resulted
in numerous fatalities. The storm is also notable be-
cause it was, with some exceptions, very well forecast
and publicized up to 5 days in advance, resulting in
an enormous response from the public and state of-
ficials to prepare for its arrival. While the storm was
well forecast, the storm’s intensification over the Gulf
of Mexico was underforecast while the East Coast
development was overforecast [see Kocin et al.
(1995), Uccellini et al. (1995), and Caplan (1995) for
a review of the cyclone and forecast challenges].

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): northern and western Vir-
ginia, central and northern Maryland, northern Del-
aware, central and northern New Jersey, Pennsylvania,
New York, Connecticut, northern Rhode Island, Mas-
sachusetts (except the southeast), Vermont, New
Hampshire, and Maine

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northwestern Virginia,
southwestern Virginia, western Maryland, about one-
half of Pennsylvania, much of New York, northwest-
ern Connecticut, western Massachusetts, portions of
Vermont, New Hampshire, and Maine

b. Surface analyses

• The storm developed on 11–12 March in the western
Gulf of Mexico, east of Brownsville, Texas, while high
pressure covered much of the northern half of the
United States. As the storm intensified on the morning
of 12 March, significant rainfall developed along the
Texas and Gulf coasts and spread northward into Ar-

kansas and northern Mississippi, where snow mixed
with the rain. By 1200 UTC, the storm’s estimated
pressure was around 1000 hPa.

• One of the most significant aspects of this storm is
its rapid development in the Gulf of Mexico on 12
March. This development was accompanied by the
onset of very strong winds in the Gulf (as reported
by oil rigs), approaching hurricane force, especially
north and northwest of the surface low. By evening,
the storm had moved northeastward to a position south
of New Orleans with a pressure of 984 hPa, a fall of
approximately 16 hPa in 12 h, while the center of the
storm made ‘‘landfall’’ in northwestern Florida around
0600 UTC 13 March. At this time, the central pressure
was 975 hPa, similar to that observed in some sig-
nificant hurricanes. It is unlikely that pressure values
this low and this far south have occurred during any
other recent extratropical cyclone in the Gulf of Mex-
ico (Kocin et al. 1995).

• As the storm deepened, precipitation spread north and
eastward across Mississippi and Alabama into Ten-
nessee and the western Appalachians, with mostly
light to moderate wet snow in northern portions and
rain near the Gulf. The explosive development of
heavy snowfall occurred later that night as the storm
exited the Gulf of Mexico and moved northeastward
along the Atlantic coast.

• One of the more dramatic surface charts in this mono-
graph is from 1200 UTC 13 March as the storm center
moved into east-central Georgia, with the central pres-
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FIG. 10.24-1a. Snowfall (in.) in the eastern United States for 12–14 Mar 1993. See Fig. 10.1-1 for details.

sure down to 971 hPa. Heavy snow and high winds
enveloped portions of Alabama and Georgia, and
snow spread rapidly northeastward overnight into the
western Carolinas, Virginia, West Virginia, Maryland,
Delaware, New Jersey, and New York. A strong coast-
al front was located along the Atlantic coast, along
which the low pressure center tracked. Snow changed
to rain over eastern North Carolina, Virginia, and
Maryland early on 13 March.

• High pressure drifted slowly eastward overnight from
New England toward the Canadian Maritime Prov-
inces, a position favoring a changeover from snow to
rain in the Northeast urban corridor (see volume I,
chapter 5). Cold-air damming was less evident in the
pressure field than in some cases due to the over-
whelming presence of the deepening low pressure sys-
tem.

• The storm moved northeastward along the East Coast
during 13 March, passing on a track slightly inland,
reaching the Chesapeake Bay by evening and deep-
ening to 960 hPa, the lowest pressure it would reach.

Deepening rates were already diminishing, with the
central pressure dropping 11 hPa in 12 h by 0000 UTC
14 March.

• With the deepening low along the East Coast, near–
hurricane force winds were experienced along much
of the East Coast before the storm center neared. The
strong winds lasted for 12 h or less, sparing more
major destruction.

• Heavy snow paralyzed all of the Appalachians, where
snow continued through 13 March, and heavy snows
and high winds in the Northeast urban corridor left
an average of 10–12-in. accumulations (25–30 cm),
before mixing with and changing over to ice pellets
and briefly to rain from Philadelphia to southern New
England. The changeover spared the Northeast cities
an additional foot (30 cm) of snowfall, although the
heavy coating of ice and snow and falling tempera-
tures left a thick layer of ice on top of the snow as
the storm moved by.

• The surface low moved at a fairly constant speed as
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FIG. 10.24-1b. Snowfall (in.) for 12–14 Mar 1993. See Fig. 10.1-1 for details.

it moved northeastward along the East Coast, aver-
aging 15 m s�1 on 13–14 March.

• Following 0000 UTC 14 March, the storm slowly di-
minished in intensity, reaching eastern New England
by 1200 UTC 14 March with a pressure around 965
hPa. Overnight, rain or ice pellets changed briefly back
to snow in the Northeast urban corridor while snows
continued across the Appalachians and began to taper
off from southwest to northeast. The snows gradually
ended across New England late on 14 March.

c. 850-hPa analyses

• Much of the eastern half of the United States north
of the Gulf states remained below 0�C at 0000 UTC
12 March before the surface low began to develop in
the Gulf of Mexico.

• The developing 850-hPa low center over the western

Gulf of Mexico at 1200 UTC 12 March was located
along the warm side of the lower-tropospheric baro-
clinic zone.

• Between 0000 and 1200 UTC 12 March, the 850-hPa
0�C isotherm drifted southward into Alabama and
points west while remaining nearly stationary in the
Carolinas. The rain–snow boundary appeared to be
collocated with the 0�C isotherm, with very heavy
snow stretching from the southwest to the northeast
just west of the 850-hPa freezing isotherm.

• As the storm was developing rapidly over the Gulf of
Mexico on 12 March, the 850-hPa low intensified
commensurately, still on the warm side of the 0�C
isotherm. However, the lower-tropospheric tempera-
ture gradient surrounding the 0�C isotherm was in-
creasing, indicating frontogenesis was occurring as the
low developed and moved northeastward toward the
Florida coast.
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FIG. 10.24-2. Twelve-hourly surface weather analyses for 0000 UTC 12 Mar–1200 UTC 14 Mar 1993. See Fig. 10.1-2 for details.
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FIG. 10.24-3. Twelve-hourly 850-hPa analyses for 0000 UTC 12 Mar–1200 14 Mar 1993. See Fig.10.1-3 for details.
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FIG. 10.24-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 12 Mar–1200 UTC 14
Mar 1993. See Fig. 10.1-4 for details.
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FIG. 10.24-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 12 Mar–1200 UTC 14 Mar 1993.
See Fig. 10.1-5 for details.
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FIG. 10.24-6. Twelve-hourly infrared satellite images for 0000 UTC 12 Mar–1200 UTC 14 Mar 1993. See Fig. 10.16-6 for more details.
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• By 1200 UTC 13 March, a massive lower-tropospheric
circulation accompanied by increasing temperature
gradients had developed along the baroclinic zone
from Florida northeastward to the Carolina. By 0000
UTC 14 March, a huge cyclonic vortex covered the
eastern third of the country with very strong temper-
ature gradients found near and to the northeast of the
850-hPa low.

• The isotherm pattern had taken on the classic ‘‘S’’
shape on 13 March, as warm-air advection was con-
centrated north and east of the surface low and cold-
air advections occurred to the south and west.

• During the period of rapid intensification between
1200 UTC 12 March and 1200 UTC 13 March, wind
speeds surrounding the 850-hPa low increased dra-
matically and represent the largest areal coverage of
high wind speeds of any of the cases.

• A 40� m s�1 low-level jet (LLJ) developed in the
western Gulf of Mexico as the storm system under-
went the initial explosive development phase between
1200 UTC 12 March and 0000 UTC 13 March.

• The LLJ shifted to a position off the South Carolina
coast by 1200 UTC and continued to intensify, at-
taining wind speeds greater than 55 m s�1 east of the
Canadian coast by 1200 UTC 14 March. Easterly
winds to the north of the deepening vortex also in-
creased during this 24-h period, exceeding 30–35 m s�1

and directed toward the area of heaviest snowfall.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• A long period of El Niño conditions existed from 1990
through early 1995 (Fig. 2–19, volume I). Although
the El Niño peaked in early 1992, a secondary peak
occurred during spring 1993. The winter of 1992/93
was marked by the North Atlantic Oscillation (NAO)
being primarily positive from November 1992 through
mid-February 1993. Daily values tended to be nega-
tive from 15 February until 13 March, the date the
storm formed in the Gulf of Mexico and the start of
a distinct positive phase of the NAO that lasted the
rest of March. Therefore, the storm occurs during a
transition from a negative to a positive NAO.

• The development of the March 1993 ‘‘Superstorm’’
was accompanied by a massive amplification of the
upper trough–ridge pattern over the eastern United
States and a tremendous increase in upper-level wind
speeds (discussed below).

• The precyclogenetic environment at 500 hPa was
dominated by a broad cyclonic flow across much of
the United States and southern Canada, with a de-
veloping upper trough across the southwestern United
States and a digging upper trough over western Can-
ada on 10–11 March.

• A broad region of confluence extended over much of
the eastern United States by 0000 UTC 12 March. The

confluence was located upwind of a mobile upper
trough, but no closed low, over eastern Canada.

• At 0000 and 1200 UTC 12 March, two separate short-
wave troughs, each associated with separate vorticity
maxima, are observed over the western United States
with one trough over southern Texas and the other
broad trough and upper jet streak centered over the
eastern Rockies and plains at 1200 UTC. The initial
development of the storm over the western Gulf of
Mexico occurred as the southern trough moved east-
ward over Texas early on 12 March. Its continued
development occurred as the second trough dove
southeastward toward the Gulf coast between 1200
UTC 12 March and 0000 UTC 13 March.

• The two troughs began to merge by 0000 UTC 13
March (see volume I, chapter 4) over the northern
Gulf of Mexico and Louisiana. By 1200 UTC 13
March, an exceptionally amplified, negatively tilted
upper trough dominated the southeastern United
States, characterized by very large geopotential height
falls (�290 m per 12 h). The explosive development
of the surface low occurred within the diffluent region
just downwind of the negatively tilted trough axis, as
the systems merged.

• The wavelength between the trough and the ampli-
fying downstream ridge also decreased dramatically.
The deepening trough so far south, and the negative
tilt occurring over Alabama and Georgia by 1200 UTC
13 March, are consistent with other cases in which
snow changes to mixed precipitation or rain in the
urban corridor sometime during the event. The merger
of these two systems was also demonstrated from a
potential vorticity perspective [see Kocin et al. (1995);
also see volume I, chapter 7).

• As the two troughs merged and heights rose rapidly
across the eastern United States on 12–13 March, the
confluent zone shifted northeastward toward the U.S.–
Canadian border by 1200 UTC 13 March and then
lifted rapidly northward toward eastern Canada in the
subsequent 12 h.

• A large upper closed low at 500 hPa developed over
western Virginia by 0000 UTC 14 March as the sur-
face low ceased developing over the eastern United
States. In the following 12 h, the 500-hPa low con-
tinued to deepen and lift rapidly northeastward as the
surface low weakened and moved toward New Eng-
land.

• This case was marked by intense jet streak systems
that evolved into the classic dual-jet pattern during
the period when the storm system was moving north-
eastward along the East Coast.

• One jet with wind speeds near 50 m s�1 at 400 hPa
was associated with the confluent flow over the north-
eastern United States on 12 March. This jet amplified
to speeds greater than 80 m s�1 as the storm system
developed and moved up the East Coast by 1200 UTC
13 March.

• Another jet streak was associated with the dual-trough
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system over the western United States with maximum
wind speeds exceeding 75 m s�1 that propagated over
the western United States toward Texas as the low
began to develop in the western Gulf of Mexico on
12 March. The initial development of the surface low
in the Gulf of Mexico occurred in the entrance region
of the northern jet but was far removed from the exit
region of the western jet during its initial development.

• As cyclogenesis and thunderstorms blossomed over
the Gulf of Mexico early on 12 March, the precipi-
tation developed within the entrance region of the rap-
idly strengthening upper jet extending over the north-
central to northeastern United States. As the two upper
troughs merged, the western jet streak continued to
dive southward toward the Gulf of Mexico, rounding
the base of the trough at 1200 UTC 13 March with
wind speeds of 50–60 m s�1 at 400 hPa. The expan-
sion of the heavy precipitation northeastward across
the eastern United States occurred within the exit re-
gion of the southern jet and the entrance region of the
northern jet.

• As the trough deepened toward the southeastern Unit-
ed States and developed a negative tilt by 1200 UTC
13 March, a separate jet maximum formed east of the
trough axis and amplified rapidly to speeds greater
than 90 m s�1 at 400 hPa by 1200 UTC 14 March.
As the surface low deepened to near 960 hPa over
Delaware on 13 March, the storm became located
within the diffluent exit region of the jet and within
the entrance region of the northern jet.

1) 250-HPA GEOPOTENTIAL HEIGHT AND WIND

ANALYSES

• The geopotential height analyses illustrate the strong
upper-level ridging in the West, the amplifying trough
into the center of the country, and the distinct con-
fluent zone extending from the north-central United
States to southeastern Canada during the evolution of
this storm.

• Perhaps the most remarkable upper-level feature is the
rapid enhancement of the jet streak within the con-
fluent zone and downstream ridge between 0000 UTC
12 March and 0000 UTC 13 March, when wind speeds
over the Ohio Valley exceeded 90 and 100 m s�1 over
southeastern Canada by 1200 UTC 13 March.

• This increase to over 90 m s�1 at 0000 UTC 13 March,
an increase of 30 m s�1 in only 12 h, occurred at the
same time as the surface low was developing rapidly
over the Gulf of Mexico and at the time the two upper
troughs appear to merge. This increase occurred at the
crest of an amplifying ridge over the southeastern
United States, coinciding with the large values of la-
tent release (implied with the rapid development of
convection over the Gulf of Mexico). This hypothesis

has been documented for other cases of rapid cyclo-
genesis [see, e.g., Chang et al. (1982) and Keyser and
Johnson (1984); see also volume I, chapter 7].

• Between 0000 and 1200 UTC 13 March, the upper
confluent zone shifted to the north-northeast over the
Northeast and southeastern Canada with wind speeds
exceeding 90 m s�1. In the following 24 h, the jet
streak continued to retreat northeastward across east-
ern Canada and then south of Greenland by 1200 UTC
14 March 1993, where it weakened. Meanwhile, the
jet streak developing east of the trough axis after 1200
UTC 12 March becomes more evident, with the lat-
erally coupled jet pattern well established off the
Northeast coast by 0000 UTC 14 March.

e. Infrared satellite imagery sequence

• Satellite imagery indicates that a diffuse area of cloud-
iness with two separate areas of thunderstorms at 0000
UTC 12 March developed near the Texas–Mexico
coast and in the Gulf of Mexico and merged into a
rapidly expanding region of cold cloud tops over the
western Gulf of Mexico by 1200 UTC 12 March. This
expansion occurs during the initial stages of cyclo-
genesis in the western Gulf of Mexico.

• The rapidly expanding region of cold cloud tops is
indicative of the explosive development of precipi-
tation during the initial development of the storm and
shows a well-defined comma-shaped cloud region
over the Gulf of Mexico by 0000 UTC 13 March. As
the surface low began to develop over the Gulf of
Mexico, drier air in the satellite image works its way
to the south and west of the developing surface low
and the overall cloud mass expands to the north and
east, an illustration of the asymmetric development of
the cloud mass associated with the storm. The dry air
is related to descending stratospheric air and large
potential vorticity values (Uccellini et al. 1995; Kocin
et al. 1995).

• A separate region of colder upper-level clouds, not
nearly as intense as the cloud development over the
Gulf of Mexico, began to stream northeastward toward
the Tennessee Valley by 1200 UTC 12 March. This
separate area spread rapidly northeastward by 0000
UTC 13 March and its northern edge corresponded
with the entrance region of the rapidly intensifying
jet streak over the Ohio Valley characterized by
90 m s �1 winds.

• The growing comma-shaped cloud covers much of the
eastern United States by 1200 UTC 13 March with
the heavily convective comma tail having passed east
of the Florida coast. This comma tail was associated
with the tornado outbreak and was followed by the
storm surge along Florida’s northwest coast. Com-
pared with other storms described in this chapter, the
comma cloud can be described as enormous.
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• By 0000 UTC 14 March, the comma tail had weak-
ened over the Atlantic Ocean indicative of diminishing
convection while the head of the broad comma-shaped
cloud was located over the middle Atlantic states.
Highest cloud tops have moved rapidly northeastward

away from the surface low pressure center and co-
incide with the cessation of cyclogenesis. In the fol-
lowing 12 h, the comma cloud continued to drift north-
eastward accompanied by a smaller area of cold cloud
tops.
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The Flatiron Building, Feb 1994 (photo courtesy of Kevin Ambrose, Great
Blizzards of New York City, Historical Enterprises, 1994).
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TABLE 10.25-1. Snowfall amounts for urban and selected locations for 8–11 Feb 1994; see Table 10.1-1 for details.

NESIS � 4.81 (category 3)

Combined 8–9 Feb 11 Feb

Urban center snowfall amounts
Washington, DC–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

3.5 in. (9 cm)
4.6 in. (12 cm)

10.3 in. (26 cm)
21.7 in. (55 cm)
26.9 in. (68 cm)

0.4 in. (1 cm)
0.5 in. (1 cm)
5.7 in. (14 cm)
9.0 in. (23 cm)

18.7 in. (47 cm)

3.1 in. (8 cm)
4.1 in. (10 cm)
4.6 in. (12 cm)

12.7 in. (32 cm)
8.2 in. (21 cm)

Other selected snowfall amounts
Newark, NJ
Bridgeport, CT
Hartford, CT–Bradley International Airport
Allentown, PA
Providence, RI
Harrisburg, PA

30.1 in. (76 cm)
23.4 in. (59 cm)
19.5 in. (50 cm)
19.0 in. (48 cm)
16.8 in. (43 cm)
15.0 in. (38 cm)

12.1 in. (31 cm)
10.8 in. (27 cm)
10.0 in. (25 cm)

9.2 in. (23 cm)
7.0 in. (18 cm)
6.2 in. (16 cm)

18.0 in. (45 cm)
12.6 in. (32 cm)

9.5 in. (24 cm)
9.8 in. (25 cm)
9.8 in. (25 cm)
8.8 in. (22 cm)

25. 8–11 February 1994

a. General remarks

• This snowstorm was a combination of two separate
storm systems that produced an extensive and deep
snow cover over much of southern New England, New
York City, and northern portions of the middle At-
lantic states. These storms occurred during one of the
most severe winters of the 1990s when the Northeast
urban corridor was plagued by numerous storms that
produced snow, freezing rain, and ice pellets.

• The first storm occurred on 8–9 February and brought
heavy snows from Pennsylvania and central New Jer-
sey northward into southern New England with the
heaviest snows falling in eastern New England, where
15–20 in. (37–50 cm) fell. From central New Jersey
southward to Maryland and Delaware, freezing rain
made travel hazardous.

• The second storm occurred on 11 February and was
associated with one of the most damaging ice storms
on record, affecting much of the southeast United
States northward into Virginia and southern Maryland.
This was primarily an ice pellet storm in Washington
and Baltimore. While ice pellets are often not as se-
rious as either freezing rain or snow, accumulations
of 2 to as much as 6 in. (5–15 cm), with a liquid
equivalent of greater than an inch (2.5 cm), brought
these two cities to a standstill, closing airports and
impeding auto travel. To the north, heaviest snows fell
across the New York City metropolitan area into
southern New England, leaving a widespread mantle
of snow nearly 2 feet (60 cm) deep from New York
City to Boston.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): eastern and southeastern
Pennsylvania, central and northern New Jersey, south-
eastern New York and Long Island, Connecticut,
Rhode Island, Massachusetts, and scattered areas of
northern and western Maryland, western Pennsylvania
and New York, and southern New Hampshire.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): portions of extreme eastern
Pennsylvania, northern New Jersey, New York City
and Long Island, Connecticut, and Massachusetts.

b. Surface analyses

•
The first heavy snow-producing system was associated
with several weak low pressure systems that traveled
along a nearly stationary front extending from Ken-
tucky eastward to the Virginia coast on 8–9 February.
These low pressure systems were not strong but
formed along a frontal boundary separating very cold
air from very mild air over the southeast United States.
Early on the morning of 8 February, temperatures
ranged from below 0� (�F; below �18�C) across north-
ern New England and New York to the 10�s (�F;
�12�C) in Boston, the upper 10�s (�F; �6�C) in New
York City, the mid- to high 20�s (�F; �4�C) in Phil-
adelphia, to near freezing (0�C) near Baltimore, and
to the mid-30�s (�F; 1�–2�C) in Washington. South of
the front in Virginia, temperatures were primarily in
the 50�s (�F; 10�–15�C).

• Snow spread rapidly from west to east from Penn-
sylvania and New York eastward into southern New
England as low pressure traveling along the front de-
veloped early on 8 February over the Ohio Valley,
and moved toward West Virginia by 0000 UTC 9 Feb-
ruary (central pressure of 1007 hPa), with a new weak
low pressure center developing east of the Maryland
coast. This low pressure center developed slowly and
continued moving east, passing southeast of southern
New England by 1200 UTC 9 February 1994, with
its central pressure falling to 1002 hPa.

• Snow fell across northern Pennsylvania, northern New
Jersey, southeastern New York, and southern New
England. Snow mixed with sleet, and freezing rain
occurred in central and southern Pennsylvania and
New Jersey and changed to freezing rain over Mary-
land and extreme northern Virginia.
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FIG. 10.25-1a. Snowfall (in.) for combined storms of 8–9 Feb and 10–11 Feb 1994. See Fig. 10.1-1 for details.

• Generally, 8–12 in. of snow (20–30 cm) fell from east-
ern Pennsylvania, northern New Jersey, and south-
eastern New York, to southern New England (Fig.
10.25-1b). Heaviest snows fell in eastern Massachusetts
where more than 18 in. (45 cm) fell in Boston.

• Cold air for the snow event was supplied by a large
high pressure system extending across the northern half
of the United States. One center of high pressure (1035
hPa) was centered north of New York at 1200 UTC 8
February. This air mass remained locked over New
England, with its corresponding surface ridge extend-
ing southward to Virginia, where the cold air did not
progress any farther south.

• As the first low pressure system began to intensify off
southern New England, by 1200 UTC 9 February, the
nearly stationary front began to move slowly south as
a cold front. Across the south-central and southeastern
United States, the very mild conditions were suddenly
replaced by much colder temperatures near the surface.

• As the cold front moved southward to the Gulf of
Mexico, high pressure over the Midwest and Northeast
intensified to1040 hPa over northern New York by
0000 UTC 11 February. Cold air continued to spill
southward along the eastern slopes of the Appala-
chians, with an impressive wedge of cold air moving
southward from the Carolinas to southern Georgia,
indicative of a significant cold-air damming event.

• As high pressure moved eastward toward the North-
east, low pressure developed along the Gulf coast
frontal boundary early on 10 February (1008 hPa) and
began moving northeastward over the following 24–
36 h. With very shallow cold air and milder air aloft,
heavy freezing rain developed across Louisiana, Mis-
sissippi, Arkansas, and Tennessee late on 10 February.
This was a devastating ice storm.

• As this low pressure moved northeastward from the
Gulf of Mexico to Alabama (while not intensifying)
and cold-air damming occurred east of the Appala-



580 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

1
FIG. 10.25-1b, c. Snowfall (in.) for storms of (top) 8–9 Feb and (bottom) 10–11 Feb 1994. See Fig. 10.1-1 for details.
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FIG. 10.25-6a. Twelve-hourly infrared satellite images for 1200
UTC 8 Feb–1200 UTC 9 Feb 1994. See Fig. 10.16-6 for more details.

chians, a coastal front developed just east of the South-
east coast late on 10 February and a second low pres-
sure system developed along this front (1018 hPa at
0000 UTC 11 February). While this low pressure sys-
tem was not a rapidly developing cyclone, it was still
marked by significant pressure falls along the mid-
Atlantic coast and deepened to 1012 hPa by 1200 UTC
11 February. The surface cyclone moved northeast-
ward along the East Coast before veering east-north-
eastward over the Atlantic south of New England late
on 11 February (1010 hPa at 0000 UTC 12 February),
and early on 12 February this cyclone was located
well east of southern New England.

• Freezing rain spread northeastward from the lower
Tennessee Valley to Virginia and southern Maryland
late on 10 February while mostly ice pellets occurred
across Maryland and southern New Jersey on 11 Feb-
ruary, where temperatures remained in the 10�s (�F;
��7 �C). To the north, precipitation was mostly in
the form of moderate to heavy snow from eastern
Pennsylvania and central New Jersey northward into
southern New England. Most of the snow ended late
on 11 February. More than 10 in. (25 cm) of snow
fell during this event from northern New Jersey, New
York City, and into southern New England (Fig.
10.25-1c).

c. 850-hPa analyses

• As the first period of significant snow was developing
on 8–9 February, the main features at 850 hPa were
a weak low or trough moving eastward from the Mid-
west to the Northeast along a very strong zone of
temperature contrast. The 0�C isotherm generally ex-
tended from north of the Ohio River to the Maryland–
Pennsylvania border and moved slowly northeastward
to southern Pennsylvania and New Jersey by 9 Feb-
ruary. Snow fell north of this isotherm while freezing
rain occurred just to the south over Maryland and
northern Virginia, where above-freezing temperatures
at 850 hPa overlay subfreezing surface temperatures
north of the surface stationary front.

• As the 850-hPa trough moved eastward off New Eng-
land on 10 February, colder temperatures moved
southward in its wake with the 0�C isotherm reaching
southern Kentucky and Virginia by 0000 UTC 10 Feb-
ruary. After this time, warmer air began moving north-
ward in the 600–800-hPa layer (not shown) as cold
air at the surface continued to drift southward toward
southern Georgia through 0000 UTC 11 February.
With milder air moving north and cold air remaining
at the surface, freezing rain and sleet occurred over a
large region from Arkansas eastward to Virginia,
Maryland, and New Jersey.

• As low pressure developed in the western Gulf of
Mexico early on 10 February, a corresponding 850-
hPa low moved from Texas northeastward to northern
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FIG. 10.25-6b. Twelve-hourly infrared satellite images for 1200 UTC 10 Feb–1200 UTC 12 Feb 1994. See Fig. 10.16-6 for more details.
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Mississippi at 1200 UTC 11 February. Meanwhile, as
a secondary surface low developed off the Southeast
coast to the middle Atlantic coast by 1200 UTC 11
February, it corresponded with an enhanced temper-
ature gradient over the middle Atlantic states and a
weak 850-hPa trough. A weak low developed within
this trough by 0000 UTC 12 February, with the surface
low moving south of the New England coast by 1200
UTC 12 February.

• The 0�C isotherm continued to move toward the Wash-
ington–Baltimore region, being located over the re-
gion by 0000 UTC 12 February. With surface tem-
peratures near 20�F (�7�C) in this area, ice pellets
were the predominant precipitation mode. Farther
south, where milder temperatures and a deeper layer
of milder air overlay the cold surface air, precipitation
fell mainly as freezing rain across North Carolina
northward into eastern Virginia and southern Mary-
land.

• The second area of heavy snow was associated with
an enhanced and narrow region of warm-air advection
at 850 hPa with only a weak low center. Once this
region of enhanced advections passed east of New
England, it was replaced by a much weaker region of
temperature difference by 0000 UTC 12 February.

• Low-level wind speeds greater than 20 m s�1 were
directed from the southwest to northeast over a broad
area from the south-central United States to New Eng-
land and marked the first precipitation event on 8–9
February.

• The second event was marked by a low-level jet (LLJ),
which exceeded 25 m s�1 as it developed along the
Gulf coast by 0000 UTC 11 February and extended
northeastward during the next 24 h. This jet feature
appears to be transporting moisture from the Gulf re-
gion into the area of heavy freezing rain, sleet, and
snow as it moved northeastward during the second
event on 11–12 February.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• The winter of 1993/94 was cold and stormy across
the Northeast and occurred during weak El Niño con-
ditions that reverted toward a more neutral position
around February 1994 (Fig. 2-19, volume 1). Begin-
ning in November 1993, daily values of the North
Atlantic Oscillation (NAO) became distinctly positive
and continued in that mode through mid-February.
Therefore, the two snowstorms that occurred from 8
February through 12 February occurred during the end
of a long positive phase of the NAO.

• As the first area of heavy snow began to affect portions
of the Northeast urban corridor, the main features gov-
erning the 500-hPa circulation were a deep vortex over
eastern Canada, a strong upper ridge south of Florida,
and a distinct, low-amplitude short-wave trough mov-

ing through the Great Lakes. Very strong southwest-
erly flow in between the trough–ridge pattern extended
from the southwest United States to the midwest and
northeast. The presence of a deep vortex in eastern
Canada and a strong ridge over the southeast United
States is consistent with the large north–south tem-
perature contrasts observed at the surface (as indicated
by the frontal boundary) and at 850 hPa.

• At 1200 UTC 8 February, large-scale confluence was
found over much of the central and eastern United
States and southern Canada. This region of confluence
was located over the extended region of high pressure
and cold surface temperatures found from the plains
states to the Northeast.

• One short-wave trough over southern Canada at 1200
UTC 8 February moved eastward across southern
Canada and the western Great Lakes through the end
of 9 February and appears to be associated with the
eastward movement of weak low pressure along the
surface frontal boundary. As the trough continued
eastward after that time, the surface stationary front
moved south as a cold front and cold air moved south-
ward across the south-central and southeast United
States.

• As this first trough lifted to the northeast, 500-hPa
heights rose across much of the eastern United States
and a second short-wave trough began to lift north-
eastward from the southwestern United States on 9–
10 February. Upper-level confluence was reinforced
across the eastern United States on 10–11 February
as the southeast ridge began to build northward during
this period and was associated with building high pres-
sure over the eastern region during this time.

• As the southwestern trough lifted northeastward into
the confluent 500-hPa environment on 10–11 Feb-
ruary, the southwestern trough lost amplitude and
damped considerably. At 0000 UTC 11 February, a
significant short-wave trough is found over Texas. By
1200 UTC 11 February, the trough is still a significant
feature but has begun to deamplify. By 0000 UTC 12
February, the trough is barely discernible over the
Northeast as it continues to lift northeast. This is an
example of heavy snow in the Northeast occurring
despite a weakening upper-level trough.

• Both of these heavy snow events were dominated by
a confluent jet streak in the Ohio Valley that moved
off the New England coast.

• At 1200 UTC 9 February, a 60� m s�1 jet streak at
400 hPa propagated between the eastern Canadian
vortex and the Southeast ridge. As the 500-hPa trough
moved eastward toward eastern Canada by 0000 UTC
10 February, the upper-level jet consolidated and am-
plified to greater than 80 m s�1. Maximum wind
speeds passed just to the north of the regions expe-
riencing the heavy snows associated with the first
snow-producing system. The first snow event appears
to occur within the exit region of this jet as it prop-
agated northeastward on 9–10 February.
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• As the southwestern upper trough moved northeast-
ward toward the East Coast by 1200 UTC 11 Feb-
ruary, there was a weak jet associated with this system
east of the trough axis that was directed toward the
entrance region of the jet system described above. At
this time, the southerly LLJ had formed and moved
northeastward and heavy frozen precipitation was oc-
curring to the east of the lifting upper trough and in
the right-entrance region of the more northern jet.
Therefore, this second area of snow was associated
with a strong jet entrance region of the northern jet
and weak exit region of the more diffuse jet associated
with the weakening, lifting southern trough.

• The lack of a strong southern jet and weakening short-
wave trough is consistent with the relatively weak and
slowly deepening surface low. It would appear that
the heavy snow associated with this case is related
almost entirely to the ascent within the entrance region
of a strong polar jet streak over New England.

e. 250-hPa geopotential height and wind analyses

• The height field for the entire period from 8 through
12 February was dominated by confluent flow ex-
tending from the central United States through New
England to southeastern Canada, with a deep vortex
moving very slowly from eastern Canada toward
Greenland.

• Within this confluent flow field and above the surface
frontal zone, a series of jet streaks on 8 and 9 February
with wind speeds increasing to 90 m s�1 consolidated
into a jet streak with wind speeds exceeding 100 m s�1

over northern New York and New England by 10 Feb-
ruary.

• The first band of heavy snow extending into New York
City and southern New England on 0000 UTC 9 Feb-
ruary developed within the elongated exit region of
the intensifying jet streak. The more significant snow
and ice storm on 10–12 February evolved within the

entrance region of this jet as it propagated eastward
through New England. The southern trough that prop-
agated northeastward from Texas on 10–11 February
appears to diminish and deamplify as it interacts with
this intense jet system.

f. Infrared satellite imagery sequence

• The strong frontal boundary and first snowstorm can
be observed as an enhancing stream of high anti-
cyclonically curved cloud tops associated with an
intensifying upper-level jet with maximum wind
speeds increasing to over 90 m s�1 by 0000 UTC 9
February.

• The first area of enhanced cold cloud tops moves east-
ward over New England and over the western Atlantic
by 1200 UTC 9 February as the first low pressure
system moves east of New England. However, cold
cloud tops still extend far southwestward toward Texas
as the next short-wave trough approaches Texas. This
region of clouds remains disorganized through 1200
UTC 10 February.

• As the Texas short-wave lifted northeastward, a well-
defined anticyclonically curved cloud organized over
the Tennessee and Ohio Valleys as the surface low
moved northeastward from the Gulf of Mexico into
Louisiana. Note the enhancing darker cloud tops from
Mississippi northeastward into Kentucky above the
areas being affected by freezing rain.

• A comma-shaped cloud mass is evident over the east-
ern United States by 1200 UTC 11 February with
cyclogenesis occurring along the East Coast. The
darker, higher cloud tops have disappeared, coinciding
with the lack of amplification of the upper-level sys-
tem associated with this cyclone. The cloud drifted
eastward without significant enhancement as the sur-
face low deepened marginally and the upper-level
trough deamplified.
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Surface weather analysis for 0000 UTC 5 Feb 1995.



590 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

TABLE 10.26-1. Snowfall amounts for urban and selected
locations for 3–5 Feb 1995; see Table 10.1-1 for details.

NESIS � 3.51 (category 2)

Urban center snowfall amounts
Washington, DC–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–LaGuardia Airport
Boston, MA

6.2 in. (16 cm)
5.3 in. (13 cm)
8.8 in. (22 cm)

10.4 in. (26 cm)
6.6 in. (17 cm)

Other selected snowfall amounts
Concord, NH
Albany, NY
Worcester, MA
Hartford, CT–Bradley International Airport

14.1 in. (36 cm)
13.3 in. (34 cm)
12.6 in. (32 cm)

9.8 in. (25 cm)

26. 3–5 February 1995

a. General remarks

• This storm was the only significant Northeast snow-
storm to occur during one of the least snowiest winters
of the last half of the 20th century. This storm leans
toward being classified as an ‘‘interior snowstorm’’
(see volume I, chapter 5) for which there was a ten-
dency for snow to change to rain within the immediate
coastal areas. This storm is related to a rapidly de-
veloping cyclone that hugs the Northeast coast, with
heaviest snowfall amounts occurring immediately in-
land. However, even in the urban regions, significant
accumulations of 6–10 in. (15–25 cm) fell. Particu-
larly hard hit were the northern and western suburbs
of Philadelphia, where up to 16 in. (41 cm) fell, and
New York City, where up to 18 in. (46 cm) fell. In
New York City and Boston, the close path of the low
pressure center along the coastline allowed snow to
change to rain, but not before significant snow ac-
cumulations occurred.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): eastern Pennsylvania, cen-
tral and northern New Jersey, eastern New York, west-
ern Connecticut, Massachusetts (except the coast and
southeast), Vermont, New Hampshire, and Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): scattered portions of north-
central New York and Vermont.

b. Surface analyses

• The surface low tracked from the southern plains
states on 2 February eastward toward the Appala-
chians late on 3 February and intensified slowly as it
reached eastern Kentucky at 0000 UTC 4 February,
deepening to 1002 hPa.

• As the low reached West Virginia, continuing to deep-
en slowly, a new secondary low began to develop in
northeastern South Carolina, deepening rapidly on the
night of 3/4 February. As the secondary low deepened
rapidly, the primary low over West Virginia was
quickly absorbed into the expanding circulation as the
coastal low deepened to 992 hPa over eastern Mary-
land by 1200 UTC 4 February.

• The location of a surface low over the Delmarva Pen-
insula is consistent with snowstorms characterized by
a changeover from snow to rain immediately along
the Northeast coast.

• The surface low deepened explosively as it moved
northeastward from eastern Maryland to southeastern
New England on 4 February. The low deepened 22
hPa from the onset of secondary cyclogenesis at 0600
UTC to 1800 UTC 4 February, when the central pres-
sure fell to 980 hPa near Long Island. The storm sys-
tem continued to deepen as it moved northeastward,

reaching eastern Maine by the morning of 5 February
with a central pressure of 962 hPa.

• The storm was preceded by a modest cell of high
pressure that drifted southeastward from north of the
Great Lakes at 0000 UTC 3 February to near Boston
in 24 h with a central pressure of only between 1020
and 1023 hPa. The high pressure was accompanied
by moderately cold air that was sufficient to produce
snow along the entire breadth of the Northeast urban
corridor.

• Light to moderate precipitation fell as all snow in the
Washington and Baltimore metropolitan areas. As the
storm gained intensity farther north, snow became
heavier but also tended to change over to rain near
the coastline as temperatures rose above freezing.
With the storm track remaining close to the mid-At-
lantic coast, snow changed to rain in Philadelphia,
New York City, and Boston, but not before 8–10 or
more inches (20–25 cm) fell over much of the Phil-
adelphia and New York regions. As the storm crossed
southeastern New England, snow changed to rain
more rapidly in the Boston metropolitan area, sparing
them a more significant snowfall.

• Wind speeds were relatively light along the coast de-
spite the storm’s rapid development. Lack of a strong
surface anticyclone diminished the impact of high
winds from this storm until the snow ended.

c. 850-hPa analyses

• This is a case characterized by an 850-hPa trough that
evolves into a closed circulation only after the storm
system moved up along the East Coast. The lack of
a preexisting 850-hPa low may help explain low snow-
fall totals in Baltimore and Washington since a strong
low-level jet and warm-air advections were not pre-
sent until the low-level circulation developed after the
storm moved by, after 0000 UTC 4 February.

• Prior to cyclogenesis at 1200 UTC 3 February, cold
air marked by temperatures of �5� to �15�C extended
across the northeastern United States within a weak
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FIG. 10.26-1. Snowfall (in.) for 3–5 Feb 1995. See Fig. 10.1-1 for details.

ridge. This ridge moved eastward by 0000 UTC 4
February and was replaced by significant south-to-
southwesterly flow, characterized by warm-air advec-
tion along the entire coast and toward northern New
York and southeastern Canada.

• Consistent with explosive surface cyclogenesis, an
850-hPa trough deepened over the eastern United
States, developing a closed center by 1200 UTC 4
February and intensified rapidly over the next 24 h
off the Long Island coast and over New England.

• During the initial intensification of the 850-hPa center
between 0000 and 1200 UTC 4 February, southerly
winds in advance of the trough increased from 20 m s�1

over South Carolina to greater than 30 m s�1 but off
the North Carolina coast by 1200 UTC 4 February.
This low-level jet (LLJ) increased to greater than 45
m s�1 by 1200 UTC 5 February, reflecting the rapid
intensification as the system moved into New England.

• For this case, most of the Northeast urban corridor
was affected by a southerly 850-hPa wind component
out ahead of this system. The easterly component to

the intensifying low-level jet (as seen in many other
heavy snow cases) developed only farther north over
interior New England as the 850-hPa low deepened
rapidly by 0000 UTC 5 February as the cyclone de-
veloped explosively.

• The 0�C isotherm advanced northward along the
Northeast coast between 1200 UTC 4 February and
0000 UTC 5 February as the 850-hPa low deepened
rapidly and was associated with the changeover from
snow to rain from Philadelphia to Boston. An S-
shaped pattern to the isotherms also developed by
0000 UTC 5 February 1995.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• The storm occurred at the end of a very long period
of El Niño, dating to 1990. It also occurred during a
winter that was overwhelmingly dominated by a pos-
itive North Atlantic Oscillation (NAO). However, dai-
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FIG. 10.26-2. Twelve-hourly surface weather analyses for 0000 UTC 3 Feb–1200 UTC 5 Feb 1995. See Fig. 10.1-2 for details.



C H A P T E R 1 0 593T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

FIG. 10.26-3. Twelve-hourly 850-hPa analyses for 0000 UTC 3 Feb–1200 UTC 5 Feb 1995. See Fig.10.1-3 for details.
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FIG. 10.26-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 3 Feb–1200 UTC 5 Feb
1995. See Fig. 10.1-4 for details.
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FIG. 10.26-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 3 Feb–1200 UTC 5 Feb 1995.
See Fig. 10.1-5 for details.
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FIG. 10.26-6. Twelve-hourly infrared satellite images for 0000 UTC 3 Feb–1200 UTC 5 Feb 1995. See Fig. 10.16-6 for
more details.
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ly values of the NAO fluctuated in late January and
early February and this storm developed during a
week in which the NAO was negative.

• This is a case marked by a uniform height gradient
across southeastern Canada and the northern United
States, and a lack of confluence over New England
and eastern Canada. This is consistent with the lack
of a strong surface anticyclone for the Northeast dur-
ing the precyclogenetic period and related changeover
from snow to rain immediately along the coast.

• The precyclogenetic environment at 500 hPa was
characterized at 0000 UTC 3 February by an ampli-
fying ridge along the west coast of North America
and a succession of digging troughs over the central
United States.

• The upper troughs over central North America con-
tinued to amplify into a long-wave trough extending
from Hudson Bay southward to Louisiana by 0000
UTC 4 February with distinct vorticity maxima over
Wisconsin and another extending northeastward from
northern Mississippi. This amplification continued
through 1200 UTC 4 February, as the southern system
moved toward the East Coast. The trough became neg-
atively tilted by 0000 5 February and more diffluent
downwind of this trough axis as the surface low de-
veloped rapidly. By 1200 UTC 5 February, a highly
negatively tilted trough moved northeastward into
New England as the surface low deepened to 962 hPa.

• As the trough amplified and became negatively tilted
between 0000 UTC 4 February and 1200 UTC 5 Feb-
ruary, the wavelength between the trough axis and the
downwind ridge axis decreased significantly, as in oth-
er cases marked by rapidly developing surface cy-
clones.

• This case is marked by the lack of a ‘‘dual jet’’ pattern
that marked other cases. The lack of a strong trough
characterized by a cutoff low over eastern Canada or
a downstream blocking ridge contributes to the lack
of a strong confluent pattern and upper-level jet streak
over the northeastern United States or eastern Canada
with this case.

• As the upper troughs amplified over central North
America, a 60–65 m s�1 northwesterly jet streak prop-
agated southeastward at 400 hPa between 1200 UTC
3 February and 0000 UTC 4 February. As the upper
trough amplified, a separate jet streak developed near
and to the east of the trough axis, extending north-

eastward from Louisiana to northern Alabama by 0000
UTC 4 February. The surface low amplified within
the increasingly diffluent exit region of this jet after
1200 UTC 4 February.

e. 250-hPa geopotential height and wind analyses

• The upper-tropospheric height field illustrates the uni-
form height gradients in the Northeast in the precy-
clogenetic environment, the amplifying ridge along
the west coast, and the deepening trough digging into
the central United States on 3–4 February.

• A subtropical jet extending eastward from the East
Coast is the most prominent wind feature for this case.
There is a tendency for the wind maximum to con-
solidate along the Southeast coast by 1200 4 February,
but with only a weakly defined exit region. The lack
of a northern jet across the Great Lakes and New
England is consistent with the lack of confluent flow
in that region.

• After the cyclone underwent a period of rapid devel-
opment, there is evidence of a separate 60� m s�1

wind maximum over Maine at 0000 UTC 5 February,
extending northeastward from the region of rapid cy-
clogeneisis and heavy snow toward the downstream
ridge crest.

f. Infrared satellite imagery sequence

• A comma-shaped cloud mass is associated with the
short-wave trough that moved southeastward between
0000 and 1200 UTC 3 February 1995. As the trough
moved toward the Ohio Valley and the surface low
deepened slowly, the cloud mass appears relatively
disorganized with many different areas of higher cloud
tops.

• This area ultimately organized into the distinct com-
ma-shaped cloud mass over New England and the
western Atlantic by 0000 UTC 5 February, the period
of the storm’s greatest intensification. The cloud mass
extending northeastward over New England and over
southeastern Canada coincides with the 60 m s�1 wind
maximum analyzed northeast of the storm center at
the 250-hPa level.
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R and 17th Street, Washington D.C., 7 Jan 1996 (photo by
Hiram Ruiz).
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TABLE 10.27-1. Snowfall amounts for urban and selected
locations for 6–8 Jan 1996; see Table 10.1-1 for details.

NESIS � 11.54 (category 5)

Urban center snowfall amounts
Washington, DC–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–LaGuardia Airport
New York, NY–Central Park
Boston, MA

24.5 in. (62 cm)
22.0 in. (56 cm)
30.7 in. (78 cm)
23.8 in. (60 cm)
20.2 in. (51 cm)
18.2 in. (46 cm)

Other selected snowfall amounts
Big Meadows, VA
Newark, NJ
Allentown, PA
Roanoke, VA
Providence, RI

47.0 in. (119 cm)
27.8 in. (71 cm)
25.6 in. (65 cm)
24.9 in. (63 cm)
24.0 in. (61 cm)

Elkins, WV
Harrisburg, PA
Wilmington, DE
Lynchburg, VA
Scranton, PA

23.4 in. (59 cm)
22.2 in. (56 cm)
22.0 in. (56 cm)
21.4 in. (54 cm)
21.0 in. (53 cm)

New York, NY–John F. Kennedy Airport
Charleston, WV
Washington, D.C.–National Airport
Hartford, CT–Bradley International Airport
Bridgeport, CT
Portland, ME

20.7 in. (52 cm)
20.5 in. (51 cm)
17.1 in. (43 cm)
15.8 in. (40 cm)
15.0 in. (38 cm)
10.2 in. (26 cm)

27. 6–8 January 1996

a. General remarks

• The ‘‘Blizzard of ’96’’ will rank as one of the most
significant snowstorms of the 20th century since many
of the largest population centers within the Northeast
urban corridor were buried under more than 20 in.
(50 cm) of snow. This was the most significant storm
during the snowiest winter of the 20th century for
much of the area from Virginia through southern New
England. The large snow depths were due to the long
duration of the storm, lasting as long as 36 h, as op-
posed to very large snowfall rates that typify other
storms such as the 1979 Presidents’ Day Storm. The
storm is estimated to have cost more than $2 billion
in damage and paralyzed the Northeast urban corridor
for an entire week.

• The storm was followed by a couple of smaller snow-
storms that led to one of the snowiest weeks on record
from Washington northward to New York. Heavy rain
and very mild conditions melted much of the snow
on 19 January 1996, unleashing severe flooding across
New York, Pennsylvania, and Maryland (Leathers et
al. 1998).

• Medium-range model forecasts of this storm initially
kept the region from New York City to Boston free
of heavy snow. Forecasters, however, alerted the East
Coast to the potential of significant snow several days
in advance. Within a day to two days prior to the onset
of snow, many numerical models accurately predicted
the strength and slow movement and related heavy
precipitation of the storm. As the low began to de-
velop, it was clear that this storm would produce a
tremendous amount of snow over the heavily popu-
lated Northeast corridor, with forecasters indicating
that snow would be measured in ‘‘feet rather than
inches.’’

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): Virginia, West Virginia,
Maryland, Delaware, southern and eastern Pennsyl-
vania, New Jersey, southeastern New York, Connect-
icut, Rhode Island, Massachusetts, and southeastern
New Hampshire.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): western, central, and north-
ern Virginia; central and western Maryland; eastern
and southeastern Pennsylvania; northern New Jersey;
portions of southern New Jersey; southeastern New
York; Long Island; western Connecticut; portions of
western and southeastern Massachusetts and Rhode
Island.

• The following regions reported snow accumulations
exceeding 30 in. (75 cm): northern Virginia, central
and western Maryland, portions of south-central and
southeastern Pennsylvania, portions of northern New
Jersey, portions of northwestern Connecticut, and
southwestern Massachusetts.

b. Surface analyses

• This storm was a classic Northeast snowstorm with
cold high pressure entrenched over the eastern half of
the United States and a developing storm in the west-
ern Gulf of Mexico that evolved into a major cyclone
along the East Coast.

• On 6 January, a large dome of high pressure covered
the central and eastern United States as low pressure
began developing in the western Gulf of Mexico. Two
centers of high pressure were found: one over the
north-central United States (central pressure 1042 hPa
at 1200 UTC 6 January) and a second center over
northern New York (central pressure 1038 hPa). High
pressure was accompanied by very cold air with sub-
freezing temperatures across much of the eastern half
of the United States. The morning of 6 January was
bitterly cold across the Northeast with subzero (�F)
temperatures covering much of the area inland from
the coast.

• Low pressure in the western Gulf of Mexico was as-
sociated with a broad inverted pressure trough ex-
tending northward into the Ohio Valley at 1200 UTC
6 January. In the following 12 h, the trough became
more pronounced across the eastern United States and
heavy snows developed across much of the southern
Appalachians into western Virginia by 0000 UTC 7
January.

• With cold air anchored over the East, cold-air dam-
ming is clearly identified by the inverted pressure
ridge along the East Coast at 0000 UTC 7 January
with the development of a pronounced coastal front
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FIG. 10.27-1. Snowfall (in.) for 6–8 Jan 1996. See Fig. 10.1-1 for details.

extending from northern Florida northeastward just
off the Southeast coast.

• By 1200 UTC 7 January, low pressure within the in-
verted pressure trough was deepening slowly with a
1004-hPa low pressure system over eastern Georgia.
A new low developed farther northeastward along the
coastal front with a separate center near Cape Hatteras.
The development of the low along the coastal front
accompanied a widespread outbreak of heavy snow
from the Carolinas northeastward through the mid-
Atlantic states overnight, with snows beginning in
New York City near 1200 UTC 7 January.

• During 7 January, the Georgia low dissipated at the
expense of the intensifying and slow-moving low
pressure system just east of the Virginia coast. There
was a brief period of rapid intensification as pressures
fell 12 hPa in about 6 h but in general, the low pressure
system was not the explosive deepener that charac-
terized other significant snowstorms.

• Nevertheless, the surface low deepened to 990 hPa by

0000 UTC 8 January with heavy snow occurring
throughout the Northeast, through much of the north-
ern Appalachians, and also in the Ohio Valley. The
surface low deepened to 980 hPa by 1200 UTC 8
January as heavy snow continued to affect the North-
east urban corridor but ended across the Ohio Valley.
Temperatures through much of the Northeast were
generally less than 20�F (�7�C) with north-north-
easterly winds gusting to 40 mi h�1 (20 m s�1).

• As a narrow layer of warm air moved in aloft between
600 and 700 hPa, snow mixed with and changed to
ice pellets in the Washington–Baltimore metropolitan
area after 1800 UTC 7 January and remained as mixed
precipitation through much of the afternoon.

• While precipitation rates diminished over portions of
the middle Atlantic states during the afternoon of 7
January, moderate to heavy snow redeveloped in Vir-
ginia during the evening, spread northeastward, and
persisted through the morning of 8 January. This ex-
tended period of snowfall is sometimes referred to as
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FIG. 10.27-2. Twelve-hourly surface weather analyses for 1200 UTC 6 Jan–0000 9 Jan 1996. See Fig. 10.1-2 for details.
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FIG. 10.27-3. Twelve-hourly 850-hPa analyses for 1200 UTC 6 Jan–0000 9 Jan 1996. See Fig.10.1-3 for details.
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FIG. 10.27-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 6 Jan–0000 UTC 9 Jan
1996. See Fig. 10.1-4 for details.
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FIG. 10.27-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 6 Jan–0000 UTC 9 Jan 1996.
See Fig. 10.1-5 for details.
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FIG. 10.27-6. Twelve-hourly infrared satellite images for 1200 UTC 6 Jan–0000 UTC 9 Jan 1996. See Fig. 10.16-6 for details.
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the ‘‘backlash’’ of the storm since the initial precip-
itation had already diminished. As the surface low
reached its lowest pressure early on 8 January, the
region of heavy snow had diminished in size but was
still affecting the heavily populated Northeast urban
corridor.

• Snows ended gradually from southwest to northeast,
from the middle Atlantic states to New England, dur-
ing the day on 8 January as the surface low began to
fill and move east-northeastward over the Atlantic.

c. 850-hPa analyses

• The precyclogenetic period was characterized by a
northwesterly flow regime across the Northeast with
a core of �20�C temperatures just northwest of New
York, 850-hPa temperatures generally between �5�
and �15�C across the Northeast urban corridor, and
a developing 850-hPa low over the Tennessee Valley.
The northwesterly flow regime maintained cold lower-
tropospheric temperatures across the Northeast.

• The 850-hPa low over Tennessee and Kentucky slowly
intensified as it drifted northeastward between 1200
UTC 6 and 7 January. By 1200 UTC 7 January, south-
erly flow increased to the east of the center with 20
m s�1 winds east of the Carolina and Virginia coast-
line, and the southeasterly–easterly flow north of the
low center also began to strengthen. This flow regime
acted to increase the moisture transport toward an ex-
panding area of moderate to heavy snowfall from Vir-
ginia to just south of New York City.

• By 0000 UTC 8 January easterly winds exceeding 20–
25 m s�1 increased over a large region from Maryland
north to New Jersey, coincident with the development
of the low-level jet and the redevelopment of heavy
snowfall over that region. Note that the easterly jet
did not appear to attain speeds greater than 30 m s�1,
which may help explain why snowfall rates rarely
exceeded 1 or 2 in. (2.5–5 cm) per hour.

• The 0�C isotherm only progressed northward to south-
eastern Virginia by 1200 UTC 7 January while the
850-hPa temperature gradient strengthened and de-
veloped into a classic S-shaped pattern with the 0�C
isotherm extending northward along the immediate
mid-Atlantic coast to just south of Long Island and
New England.

• As the storm reached its peak intensity by 1200 UTC
8 January, the 850-hPa low began to elongate on a
southwest–northeast axis accompanied by an exten-
sive region of northeasterly winds exceeding 25 m s�1

over much of the Northeast into Pennsylvania. Be-
tween 1200 UTC 8 January and 0000 UTC 9 January,
the low lifted northeastward east of New England and
the strongest winds, now northwesterly, shifted to the
mid-Atlantic states, while southerly low-level winds
increased to greater than 40 m s�1, well to the east
of the storm center.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• The Blizzard of ’96 developed during a weak La Niña
(Fig. 2-19, volume I). It also occurred during a period
in which the North Atlantic Oscillation (NAO) was
primarily negative, the first real extended period of
negative NAO since November and December 1989,
which was characterized by cold weather in the eastern
United States. A strong negative NAO developed in
early December and continued into January 1996,
when it entered a period of positive and negative fluc-
tuations beginning after the Blizzard of ’96. Therefore,
the storm occurred as negative values of the NAO
were retreating from their lowest values during the
last half of December 1995. Analyses at 500 hPa of
a persistent upper cutoff ridge near Greenland are con-
sistent with the negative phase of the NAO.

• At 1200 UTC 6 January, the precyclogenetic envi-
ronment at 500 hPa was characterized by a ‘‘classic’’
presnowstorm pattern. An amplifying trough over the
central United States was located downwind of a ridge
along the west coast and upwind of a strongly con-
fluent flow over the northeastern United States and
southeastern Canada to the rear of an intense upper
low just south of Newfoundland. The confluent flow
pattern in the Northeast overlaid the large area of high
pressure, cold temperatures, and 850-hPa northwest-
erly flow and cold-air advection across the Northeast.

• Between 1200 UTC 6 January and 1200 UTC 7 Jan-
uary, the eastern Canadian trough moved rapidly east-
ward but the strong confluent 500-hPa flow persisted
over the Northeast and southeastern Canada.

• The upper trough over the central United States am-
plified between 1200 UTC 6 and 1200 UTC 7 January
with the development of a large cutoff low over the
Ohio Valley by 1200 UTC 7 January. This cutoff con-
tinued to deepen through 1200 UTC 8 January as it
shifted eastward, covering much of the eastern United
States by 0000 UTC 8 January, and continued to move
eastward, reaching the Virginia–North Carolina coast
by 1200 UTC 8 January. The wavelength between the
amplifying trough and downstream ridge decreased
significantly after 1200 UTC 7 January, with an en-
hanced region of diffluence developing east of the
trough axis.

• The cutoff nature of this trough and its slow movement
allowed warmer air within the 600–700-hPa layer to
move in from the south over the middle Atlantic states,
changing the heavy snow to sleet in the Washington–
Baltimore area for a 4–6-h period. The strong cir-
culation at 0000 and 1200 UTC 8 January also con-
tributed to the redeveloping heavy snows throughout
the region from northern Virginia to New York City
after 0000 UTC 8 January.

• This case is marked by the classic ‘‘dual jet’’ pattern
with a northern jet extending across the middle At-
lantic and New England states in the precyclogenetic
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period and a southern jet associated with the ampli-
fying trough over the central and eastern United
States.

• The northern jet was located within the confluent flow
field, with the entrance region shifting only gradually
to New York and New England through 0000 UTC 8
January.

• The amplifying trough over the central United States
is associated with a 50–60 m s�1 jet streak diving
southeastward toward the base of the trough between
1200 UTC 6 January and 1200 UTC 7 January. After
0000 UTC 7 January, a separate wind maximum ap-
pears to develop east of the trough axis, and amplifies
to greater than 70 m s�1 by 0000 UTC 8 January. The
surface low and heavy snowfall appear to develop in
the increasingly diffluent exit region of this jet and
the entrance region of the northern jet on 7–8 January.

e. 250-hPa geopotential height and wind analyses

• The geopotential height analyses depict that the pre-
cyclogenetic confluence over the Northeast became
even better defined after 1200 UTC 7 January as the
ridge built into New England downwind of the am-
plifying trough in the middle part of the country.

• The dual-jet pattern was distinct by 0000 and 1200
UTC 7 January, with the surface low and heavy snows
developing within the exit region of the southern jet
(located east of the trough axis) and right-entrance
region of the northern jet in the confluent region near
the downstream ridge crest.

• Between 0000 UTC 7 January and 0000 UTC 8 Jan-
uary, maximum winds within the northern jet in-
creased from greater than 70 to greater than 90 m s�1

as the confluent zone strengthened and heavy snowfall
spread rapidly northeastward within the entrance re-
gion of the jet.

f. Infrared satellite imagery sequence

• High clouds streamed northeastward toward the East
Coast at 1200 UTC 6 January into the entrance region
of the jet extending from the Ohio Valley toward the
Atlantic Ocean, and as the trough amplified over the
central United States. This area of cloudiness contin-
ued to expand over the next 24 h as the upper trough
amplified and the surface low developed over the
southeastern United States.

• As one main mass of enhanced upper clouds moved
eastward toward the Atlantic coast by 1200 UTC 7
January, a second area of enhanced cloudiness de-
veloped to the west of the original cloud mass, com-
plete with a banded structure of higher and lower
clouds, extending northward from North Carolina to
New York. These banded clouds are associated with
the strong vertical motions associated with cyclogen-
esis near Cape Hatteras and the rapid expansion of
the snowfall into Pennsylvania and New Jersey.

• These two areas of enhanced clouds split by 0000
UTC 8 January as the first mass extended northeast-
ward over the Atlantic Ocean, appearing to be col-
located with the entrance region of the northern jet
moving slowly off the southeastern Canadian coast
during this time. The second cloud mass takes the
shape of a comma ‘‘head’’ from Kentucky northeast-
ward into New York and New England. The heaviest
snows were falling along the southern edge of the
enhanced cloud tops over the Ohio Valley into the
northern middle Atlantic states and southern New
England.

• The comma head splits from the comma tail as the
storm completes its intensification by 1200 UTC 8
January and the comma head becomes more disor-
ganized. This area of enhanced cloudiness drifted east
as the surface low moved east of the coast by 0000
UTC 9 January 1996.
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Back Bay/South End in Boston, Massachusetts, 1 Apr 1997 (Source is Gormie’s G-Spot Gallery, photo courtesy of
Donald Sutherland’s digital photography library, www.geocities.com/donsutherland1/snow1.html).
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TABLE 10.28-1. Snowfall amounts for urban and selected
locations for 30 Mar–1 Apr 1997; see Table 10.1-1 for details.

NESIS � 2.37 (category 1)

Urban center snowfall amounts
Boston, MA
Baltimore, MD
Philadelphia, PA
New York, NY–Kennedy Airport

25.4 in. (64 cm)
1.4 in. (3 cm)
3.9 in. (10 cm)
1.7 in. (4 cm)

Other selected snowfall amounts
East Jewett, NY
Milton, MA
Worcester, MA
Milton, MA–Blue Hill Observatory

37.0 in. (94 cm)
36.0 in. (91 cm)
33.0 in. (84 cm)
30.0 in. (76 cm)

Albany, NY
Bradley Field, Windsor Locks, CT
Martinsburg, WV
Concord, NH

15.3 in. (38 cm)
14.7 in. (36 cm)
13.3 in. (34 cm)

9.9 in. (25 cm)

28. 31 March–1 April 1997

a. General remarks

• This late season storm was the greatest spring snow-
storm on record for portions of eastern New York,
northwestern New Jersey and portions of New Eng-
land, especially Massachusetts. Heavy snow occurred
as a storm developed rapidly beneath an amplifying
short-wave upper trough that evolved into a strong
500-hPa vortex.

• Only 36 h before the height of the storm, the surface
weather map provided few clues of the upcoming
storm’s severity. However, computer models available
2–3 days prior to the storm correctly indicated that a
storm, with the potential for deep snows, would affect
the Northeast. Once the storm formed east of New
Jersey, it deepened rapidly and moved slowly just
south of Long Island before drifting southeastward out
over the Atlantic on 1 April.

• Northeastern Pennsylvania and New York’s Catskill
Mountains received from 20 to over 30 in. of snow
(25 to over 50 cm). Suburban Philadelphia was hit
particularly hard as 6 in. (15 cm) to as much as 15
in. (38 cm) of snow and high winds felled trees and
toppled power lines. Across south-central New Jersey,
up to 10 in. (25 cm) fell. New York City escaped the
brunt of the storm but 1–2 feet (30–60 cm) of snow
was common across northwestern New Jersey. Heavy
snows spread from western to eastern New England
on 31 March, where it continued to fall through the
night into the early afternoon before ending on 1 April.
While snow was initially slow to accumulate in Boston
after it had begun as rain [with only 3 in. (8 cm) by
midnight], the snow quickly piled up overnight into
the next day, closing most highways, the airport, and
the subway system. More than 22 in. (56 cm) fell in
Boston on 1 April, the greatest April snow on record,
and 25.4 in. (64 cm) total occurred on 31 March–1
April, the third greatest snow total in Boston history
and the most in 24 h. In Worcester, Massachusetts, 33
in. (84 cm) fell, the biggest snowstorm in that city’s
snowy history and up to 3 feet (90 cm) fell in portions
of central and eastern Massachusetts. An analysis of
this storm by Martin (1999) showed the importance
of a trough of warm air aloft (‘‘trowal’’) in the de-
velopment of the heavy snow band in the northwest
sector of the cyclone.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): portions of southeastern
Pennsylvania, northeastern Pennsylvania, southeast-
ern New York (except Long Island), central and north-
ern Connecticut and Rhode Island, Massachusetts,
southern Vermont, and New Hampshire

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northwestern New Jersey,
portions of northeastern Pennsylvania, southeastern
New York, northern Connecticut, northern Rhode Is-

land, portions of western Massachusetts, much of cen-
tral and eastern Massachusetts, and portions of south-
ern New Hampshire.

b. Surface analyses

• The development of this storm was unusual in that
the surface weather charts prior to the storm had little
indication of an impending intense East Coast storm
(although numerical prediction models did quite well).
The evolution of the cyclone is more complex than
most of the other cases.

• Unlike most of its wintertime counterparts, no cold
surface high pressure center was affecting the North-
east corner of the nation prior to this snowstorm. In-
stead, an area of cold high pressure lingered over east-
ern Canada as the storm was beginning to take shape
late on 30 March. The colder air appeared to be drawn
into the northeastern United States only after the storm
began to develop on 31 March.

• An expanding area of mostly light to moderate rains
accompanied a developing frontal system over the
south-central United States early on 30 March. As this
system moved east over the next day, a cold front and
weak low pressure consolidated into a well-defined
low pressure area over southwestern Virginia by 0000
UTC 31 March 1997.

• Between 0000 UTC 31 March and 0000 UTC 1 April,
a surface low developed over Virginia and moved
east-northeastward as a broader center of low pressure
consolidated off the mid-Atlantic and New York
coasts early on 31 March.

• Precipitation began as rain across much of eastern
Pennsylvania, eastern New York, and New England
during this stage of the storm’s development. Follow-
ing 1200 UTC 31 March, the surface low began to
deepen, colder air began to wrap into the cyclone’s
circulation from the high pressure system building
southward over Canada, and stronger vertical motions
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FIG. 10.28-1. Snowfall (in.) for 31 Mar–1 Apr 1997. See Fig. 10.1-1 for details.

helped change the rain to snow, first across north-
eastern Pennsylvania and southeast New York, then
over southeastern Pennsylvania, New Jersey, Long Is-
land, and New England.

• The surface low deepened rapidly east of New Jersey
on 31 March, and by the evening, the central sea level
pressure was near or slightly below 980 hPa with high
winds and heavy precipitation surrounding the cy-
clone. As cold air and moisture wrapped around the
intense circulation, snow became heavy at times
across New Jersey, southeastern Pennsylvania, and
into northeastern Maryland with snowy conditions
spreading southward into the Washington area.

• New York City avoided heavy snowfall accumulations
as total precipitation amounts were not heavy and tem-
peratures remained above freezing.

• Heavy snows developed during the day on 31 March
in eastern New York and western New England and
spread toward eastern New England, where precipi-

tation began as rain or mixed rain and snow. As the
storm intensified during the evening, precipitation
changed to all snow throughout much of eastern New
England, including the Boston metropolitan area.

• On the night of 31 March/1 April, the storm stalled
just south of the New England coast and then began
to head to the southeast away from New England. The
heaviest snowband remained over eastern Massachu-
setts through the night and into the morning before
finally drifting east-southeastward off the coast during
the afternoon of 1 April.

c. 850-hPa analyses

• During the precyclogenetic period, a reservoir of cold-
er air was located well north of the Northeast urban
corridor in south-central Canada. There was a devel-
oping lower-tropospheric baroclinic zone over the
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FIG. 10.28-2. Twelve-hourly surface weather analyses for 0000 UTC 30 Mar–1200 UTC 1 Apr 1997 See Fig. 10.1-2 for details.
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FIG. 10.28-3. Twelve-hourly 850-hPa analyses for 0000 UTC 30 Mar–1200 UTC 1 Apr 1997. See Fig. 10.1-3 for details.
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FIG. 10.28-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 30 Mar–1200 UTC 1
Apr 1997. See Fig. 10.1-4 for details.
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FIG. 10.28-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 30 Mar–1200 UTC 1 Apr 1997.
See Fig. 10.1-5 for details.
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FIG. 10.28-6. Twelve-hourly infrared satellite images for 0000 UTC 30 Mar–1200 UTC 1 Apr 1997.
See Fig. 10.16-6 for details.
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south-central United States at 0000 UTC 30 March
that became better defined over the Appalachians by
0000 UTC 31 March with little evidence of cyclo-
genesis. By 0000 UTC 31 March, an 850-hPa low had
developed east of Lake Huron and then appeared to
drop southward and intensify along the developing
baroclinic zone, with the center of the low deepening
rapidly off the New Jersey coast by 1200 UTC 31
March.

• At 0000 UTC 30 March, the 0�C isotherm moved from
near the northeast U.S.–Canadian border and drifted
slowly southward in the following 24 h into northern
New England but the coldest 850-hPa temperatures
were still found over Michigan behind the developing
850-hPa low over Lake Huron. This cold air push was
located to the north of the primary baroclinic zone at
0000 UTC 31 March.

• Between 0000 and 1200 UTC 31 March, a broad cy-
clonic center extended from western New York to
eastern Virginia with the rapidly deepening center
over New Jersey as cold lower-tropospheric temper-
atures dropped southward from the upper Midwest
into New York, Pennsylvania, and Ohio. In the sub-
sequent 12 h, the 850-hPa low consolidated into an
intense circulation just south of Long Island at 0000
UTC 1 April and then moved slowly southeastward
over the Atlantic.

• With cyclogenesis under way at 1200 UTC 31 March,
the colder air over the Midwest was now surging rap-
idly southeastward toward the middle Atlantic coast
with temperatures of �5� to �10�C extending into
the Ohio Valley, New York, Pennsylvania, and the
northwestern portions of the mid-Atlantic states. Note
that the 0�C isotherm only progressed southward into
central New England at this time, where most of the
precipitation was still falling as rain (except over el-
evated terrain).

• The intensification of the 850-hPa low from 1200 UTC
31 March to 0000 UTC 1 April was accompanied by
falling temperatures across all of the Northeast except
southeastern Massachusetts as much of the rain in
New England changed to snow. In the following 12
h, when the heaviest snows fell across eastern New
England, 850-hPa temperatures continued to drop
slowly below �5�C. The coldest 850-hPa tempera-
tures of �10�C or lower were found from central New
York and Pennsylvania into northern Virginia.

• The development of an intense 850-hPa low between
1200 UTC 31 March and 0000 UTC 1 April was ac-
companied by the development of a southerly low-
level jet exceeding 30 m s�1 well east of the low center.
A more significant development was the easterly and
northerly jet exceeding 25 m s�1 north and west of
the 850-hPa low center. At 0000 UTC 1 April, the
development of heavy snowfall across eastern New
England was accompanied by easterly 850-hPa winds
of 25–30 m s�1, a clear indication that the strength-
ening flow north of the low center was acting to trans-

port moisture from the North Atlantic toward the ex-
panding area of heavier snowfall.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during the beginning of a very
strong El Niño that persisted from spring 1997 through
mid-1998 (Fig. 2–19, volume I). The storm also de-
veloped at the end of a brief period of positive values
of the North Atlantic Oscillation (NAO). There was
a considerable amount of fluctuation between positive
and negative phases of the NAO from mid-March
through early April with no clear preference.

• There are two notable aspects of the 500-hPa and
upper-level jet evolutions of the storm. The first is the
amplification of the trough in the central United States
by 0000 UTC 31 March and the closing off of the
500-hPa low center along the East Coast by 0000 UTC
1 April. The second is that there was neither a pre-
ceding confluent zone nor a northern jet system, which
is consistent with the lack of a cold surface high pres-
sure system in the Northeast prior to the storm.

• Surface high pressure over east-central Canada was
found beneath confluent upper flow displaced farther
north than was found in other cases (eastern Canada)
to the rear of an intense 500-hPa vortex west of Green-
land at 0000 UTC 30 March. The confluent flow does
not appear to play a significant role in bringing colder
temperatures to the northeastern United States since
it was located too far north of the region.

• The upper trough over the central United States am-
plified between 1200 UTC 30 March and 0000 UTC
1 April, in conjunction with the rapid cyclogenesis,
leading to the development of an intense 500-hPa
closed low and a consolidated pattern near the base
of the trough at 0000 UTC 1 April. As the trough
amplified over the eastern United States, a marked
area of diffluence developed east of the trough axis
by 1200 UTC 31 March over the rapidly developing
surface cyclone.

• The 400-hPa wind analyses show that the most sig-
nificant wind features for this case were the jet streaks
associated with the amplifying trough with no indi-
cation of a northern, confluent jet system (identified
for other cases) over New England or the middle At-
lantic states. Confluent flow and a separate jet were
located well to the north off the northeastern Canadian
coast.

• As the upper trough over the northern plains began
to deepen, a 40–50 m s�1 jet streak propagated into
the central United States by 0000 UTC 31 March
while a separate 50 m s�1 jet maximum began de-
veloping just east of the trough axis over Tennessee.
The amplification and apparent merger of these jets
was accompanied by a developing diffluent jet exit
region over the middle Atlantic states between 0000
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and 1200 UTC 31 March as the surface low began to
consolidate and intensify off the East Coast. It appears
that this development of the surface low and evolution
of the southeasterly low-level jet were both coupled
with an amplifying upper-level jet and the distinct
along-stream wind variation in the jet’s diffluent exit
region.

e. 250-hPa geopotential heights and wind analyses

• This case is marked by a rather bland westerly flow
regime in the precyclogenetic period with generally
uniform height gradients from central Canada to the
Gulf coast at 0000 UTC 30 March.

• The main feature at this level is the amplifying trough
over the eastern United States by 0000 UTC 31 March,
which becomes negatively tilted off the east coast by
0000 UTC 1 April as the surface cyclone is rapidly
intensifying.

• The most noteworthy jet feature at this level is a weak
subtropical jet system moving northeastward out of
Mexico and Texas at 1200 UTC 30 March, which
becomes better defined by 31 March. Wind speeds in
the jet increase to over 70 m s�1 by 0000 UTC 31
March and 80 m s�1 by 1200 UTC 31 March. The
diffluent exit region of this jet overlies the exit region
of the polar jet system at both times, coincident with
the rapid development of the surface low immediately
off the East Coast on 31 March.

• There is no distinct northern jet system factoring into
the case until 2 April as the wind speeds in the con-
fluent region and ridge crest downwind of the trough
increase and appear to maintain the entrance region

jet flow downwind of the precipitation area after the
surface low has developed rapidly off the New Eng-
land coast.

f. Infrared satellite imagery sequence

• The cloud mass associated with this storm underwent
a dramatic amplification from a fairly unimpressive
satellite cloud signature. The cloud mass associated
with this storm was a loose, comma-shaped system
without much upper cloud definition through 0000
UTC 31 March. Once the upper-level trough deepened
dramatically at 1200 UTC 31 March, the cloud mass
underwent a rapid transformation into a distinct area
of enhanced colder cloud tops, with a sharp back edge
over eastern Pennsylvania and New York and several
east–west banded cloud features embedded within this
area, often indicative of a developing storm system.

• This cloud mass evolved rapidly into a circular, vortex
structure by 0000 UTC 1 April with a distinct center
near Long Island and a distinct area of high cloud
elements forming the comma head from New England
west-southwestward into New York and Pennsylvania.
Heaviest snow was falling along the southern edge of
the enhanced cloud tops from eastern Pennsylvania
into interior New York and southern New England.

• As the upper-level and the surface lows drifted south-
eastward overnight, the axis of the main cloud band
to the north-northwest of the low drifted southeast-
ward and extended from south of Long Island north-
eastward into eastern New England at 1200 UTC 1
April. This cloud band was associated with the record
snowfall that fell across southeastern New England.
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Dupont Circle in Washington D.C., 25 Jan 2000 (copyright Keith Stanley).
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TABLE 10.29-1. Snowfall amounts for urban and selected
locations for 24–26 Jan 2000; see Table 10.1-1 for details.

NESIS � 3.14 (category 2)

Urban center snowfall amounts
Washington, DC–Dulles Airport
Baltimore, MD
Philadelphia, PA
New York, NY–LaGuardia Airport
Boston, MA

10.3 in. (26 cm)
14.9 in. (38 cm)

9.2 in. (23 cm)
6.5 in. (17 cm)
3.5 in. (9 cm)

Other selected snowfall amounts
Raleigh, NC
Annapolis, MD
Richmond, VA

20.2 in. (51 cm)
17.0 in. (43 cm)
11.0 in. (28 cm)

29. 24–26 January 2000

a. General remarks

• During the warmest winter (December—February)
ever recorded in the United States, the northeast was
one of the few regions to experience a brief period of
winter weather conditions, which occurred during the
last half of January. During this period, the most sig-
nificant winter storm developed off the Southeast
coast on 24 January and then intensified as it moved
toward the middle Atlantic states on 25 January. The
storm moderated as it moved toward New England,
sparing a more significant snowfall there. Near-bliz-
zard conditions affected portions of North Carolina,
Virginia, Maryland, and Washington, as strong north-
northwesterly winds combined with up to 20 in. (50
cm) of snow to bring these areas to a standstill. This
was one of the heaviest snowstorms on record in cen-
tral North Carolina.

• Perhaps the most noteworthy aspect of this snowstorm
was the consistent failure of many numerical weather
prediction models to adequately forecast the evolution
of this storm (Zhang et al. 2002; Langland et al. 2002).
During the 2–4-day period prior to the storm, medium-
range forecast models did suggest a major East Coast
snowstorm but incorrectly predicted it for 26 January
and attributed it to an amplifying upper trough moving
southeastward from the plains states toward the East
Coast.

• The upper-level trough that was actually associated
with the developing storm was forecast to be much
weaker and move farther east than actually occurred.
The short-range models began to forecast a significant
storm system only once the storm had already devel-
oped on 24 January, thereby providing no model guid-
ance for the record snowfall in North Carolina. Sub-
sequent short-range forecast models kept the heaviest
snow too far east, leading to underestimates of the
storm’s impact from the Carolinas to the mid-Atlantic
states to New England. The lack of a snow forecast
even 12 h before fed a media-driven perception that
the entire weather community totally missed this
storm, even though warnings were issued 6–8 h before
heavy snow enveloped the area from Washington
northward.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): central North Carolina, east-
ern Virginia, central Maryland, northern Delaware,
eastern Pennsylvania, and portions of New Jersey,
eastern New York, western Massachusetts, Vermont,
and New Hampshire.

b. Surface analyses

• The storm developed as a wave of low pressure along
a surface front that had previously moved southward

to the Gulf coast. The surface low then moved north-
eastward from the northern Gulf along the frontal
boundary, which edged back toward the East Coast
on 24–25 January.

• A series of weak low pressure systems consolidated
into one rapidly developing center in the northeastern
Gulf of Mexico and southern Georgia–northern Flor-
ida just before 1200 UTC 24 January. An expanding
area of thunderstorms over Florida and southern Geor-
gia and an expanding area of rainfall across the South-
east heralded the initial development of the storm.

• The surface low deepened rapidly during 24 January
with heavy snows developing in northwestern South
Carolina that later spread northeastward into central
North Carolina that evening. The surface low moved
from southern Georgia northeastward to a position
east of Charleston, South Carolina, by 0000 UTC 25
January as the pressure fell about 14 hPa to 990 hPa
in the 12-h period ending at 0000 UTC.

• The low pressure system continued to deepen to 978
hPa as it moved north-northeastward to just east of
Cape Hatteras at 1200 UTC 25 January. The central
pressure of the surface low then remained steady as
the storm drifted slowly northward east of the Virginia
coast and then began to fill as it moved toward eastern
Long Island after 0000 UTC 26 January.

• A large band of heavy snow spread rapidly northward
across central North Carolina late on 24 January and
early on 25 January. This band then expanded north-
eastward toward the middle Atlantic states early on
25 January. The eastern portion of the heavy precip-
itation band located initially over the western Atlantic
Ocean pivoted toward the north-northwest, resulting
in the rapid development of heavy snow from eastern
Virginia north-northeastward through the Northeast
urban corridor at 1200 UTC 25 January, affecting all
the major cities from Richmond to Boston. As the day
progressed, the band continued to pivot toward the
west with the heaviest snow remaining on an axis from
eastern Virginia across central Maryland and eastern
Pennsylvania. From New Jersey through New Eng-
land, the band moved west and weakened as snowfall
diminished and changed to light freezing rain and ice
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FIG. 10.29-1. Snowfall (in.) for 24–26 Jan 2000. See Fig. 10.1-1 for details.

pellets, curtailing more significant accumulations in
these coastal areas.

• The intense snow band shrank over the middle At-
lantic states during the afternoon and evening of 25
January. This development occurred as the surface
low ceased to intensify and began to fill as it moved
northeastward toward New England. By the morning
of 26 January, the central pressure of the low had
risen to 990 hPa as it reached eastern Maine.

• Cold air was in place before the storm affected the
East although the surface high pressure pattern did not
resemble many of the other cases. One high pressure

cell moved east across eastern Canada while a second
area of high pressure over the central United States
built northeastward across the Ohio Valley and Ap-
palachians as the storm developed on 24–25 January.

c. 850-hPa analyses

• A storm system that passed east of the New England
coast on 22–23 January had the effect of advecting
cold 850-hPa temperatures south and eastward over
southeastern Virginia and northern North Carolina by
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FIG. 10.29-2. Twelve-hourly surface weather analyses for 0000 UTC 24 Jan–1200 UTC 26 Jan 2000. See Fig. 10.1-2 for details.
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FIG. 10.29-3. Twelve-hourly 850-hPa analyses for 0000 UTC 24 Jan–1200 UTC 26 Jan 2000. See Fig. 10.1-3 for details.
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FIG. 10.29-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 24 Jan–1200 UTC 26
Jan 2000. See Fig. 10.1-4 for details.
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FIG. 10.29-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 24 Jan–1200 UTC 26 Jan 2000.
See Fig. 10.1-5 for details.
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FIG. 10.29-6. Twelve-hourly infrared satellite images for 0000 UTC 24 Jan–1200 UTC 26 Jan 2000. See Fig. 10.16-6 for details.
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0000 UTC 24 January. A northeast–southwest tem-
perature gradient was established behind this first sys-
tem. As a new short-wave trough associated with the
developing surface low plunged southward to the
southeast United States by 1200 UTC 24 January and
0000 UTC 25 January, the baroclinic zone appeared
to intensify along the Carolina coast.

• A rather weak 850-hPa trough over Mississippi and
Louisiana at 0000 UTC 24 January amplified into a
closed low over southeastern Georgia at 1200 UTC
24 January as the surface low began developing. The
850-hPa low developed on the warm side of the 0�C
isotherm.

• In the 12 h ending at 0000 UTC 25 January, the 850-
hPa low deepened rapidly and moved off the South
Carolina coast within the strengthening baroclinic
zone. An easterly low-level jet developed to the north
of the low over North Carolina and Virginia with max-
imum winds exceeding 20 m s�1. This jet appeared
to be a critical factor in enhancing the moisture trans-
port into the area of heavy snows in the Carolinas
during this period.

• The 850-hPa low moved northeastward and deepened
rapidly between 0000 and 1200 UTC 25 January. It
also changed orientation from a nearly symmetrical
low to one tilted on a southwest–northeast axis as
warmer air was advected westward to the north of the
low. Heaviest snow across Virginia, Maryland, and
eastern Pennsylvania occurred with 850-hPa temper-
atures near �5�C, while the 0�C isotherm became ori-
ented along the coastline from the low center east of
North Carolina northward through New England. The
rotation of the thermal gradient, and 0�C isotherm,
toward the west-northwest was consistent with the
movement of the distinct bands of heavy snow from
east to west across the mid-Atlantic states during this
period.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during a winter characterized
by La Niña conditions and North Atlantic Oscillation
(NAO) values that were primarily positive. However,
the NAO became negative on 12 January and re-
mained negative through 27 January. During this 2-
week period, cold weather covered much of the east-
ern United States, with this storm developing at the
end of the negative NAO period (see Fig. 2–22, vol-
ume I). Analyses of 500-hPa data showed a persistent
cutoff upper ridge during this entire 2-week period,
and some evidence still remains of the ridge, located
to the east of Greenland at 0000 UTC 24 January.
During the ensuing 3 days, the ridge retreated east-
ward, indicating an end to the negative phase of the
NAO.

• The precyclogenetic environment at 500 hPa was

dominated by a nearly stationary cutoff ridge near
Iceland, a feature observed with a significant number
of other snowstorms.

• However, there was no closed low over eastern Can-
ada, another prominent feature associated with many
snowstorms. Upper-level confluence was not very ev-
ident over the eastern United States and Canada by
0000 UTC 24 January. However, as the upper trough
responsible for cyclogenesis deepened and a second
trough over the Great Lakes lifted northeastward, a
confluent pattern developed over the northeastern
United States, supporting a gradual increase in the
wind speeds in that region as the surface cyclone in-
tensified on 25 January.

• The surface low developed as an upper trough located
over the central United States at 0000 UTC 24 January
deepened dramatically over the southeastern United
States between 1200 UTC 24 January and 0000 UTC
25 January. The deepening trough developed a closed
center at 500 hPa and attained a negative tilt by 0000
UTC 25 January.

• As the trough deepened and developed a negative tilt,
the distance between the trough axis and downstream
ridge axis (half-wavelength) decreased dramatically to
less than 750 km by 0000 UTC 25 January, with an
noticeable diffluence developing off the Carolina and
Virginia coasts above the developing surface cyclone.

• After the initial deepening, the upper trough lifted
northeastward toward the middle Atlantic states be-
tween 0000 and 1200 UTC 25 January, as heavy snow
spread throughout the area from North Carolina to
New England and the surface low deepened to 978
hPa.

• As the trough continued to lift northward and the am-
plitude decreased, a second upper-level trough deep-
ened over the Ohio Valley at 0000 UTC 26 January
and reached the Carolina coast with a significant vor-
ticity maximum by 1200 UTC 26 January. The period
of decreasing amplitude of the first trough moving
northeastward along the East Coast is consistent with
the period during which the surface low weakened
and snowfall rates diminished over New England. The
3–7-day model forecasts that pointed to an East Coast
storm were predicting a storm with this second trough
on 26 January, completely missing the storm system
and related negatively tilted trough along the East
Coast on 25 January.

• The jet patterns at 400 hPa are not as easily described
with this case as in other cases. The most important
features evolve before, during, and just after 1200
UTC 24 January as the trough amplified in the south-
eastern United States. One jet system extends from
the Pacific coast to the greater than 40 m s�1 jet core
just west of the trough axis over Mississippi. A dif-
fluent exit region of this jet is located over the north-
east Gulf of Mexico and northern Florida where the
surface low has begun to develop at 1200 UTC 24
January.
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• A second ‘‘outflow’’ jet exceeding 50 m s�1 extends
north-northeastward from northern Georgia toward
New Jersey and into a more confluent region over New
England at 1200 UTC 24 January. An outbreak of
convection (see the corresponding satellite imagery)
and the area of more general precipitation that de-
veloped over the Southeast appears to explain the de-
velopment of the entrance region of the jet at this time
(see the section on latent heat release in chapter 4 of
volume I) and as the precipitation continued to spread
northward into North Carolina and Virginia during the
day.

• Between 0000 and 1200 UTC 25 January, a separate
jet maximum exceeding 50 m s�1 developed east of
the trough axis. By 1200 UTC, the surface low and
easterly low-level jet (LLJ) were located in the left-
exit region of this new jet streak and the entrance
region of a broadly defined area of higher wind speeds
over New England and southeastern Canada.

e. 250-hPa geopotential height and wind analyses

• The 250-hPa height analyses provide a clear picture
of the trough deepening into the south-central United
States on 24 January, becoming negatively tilted over
the southeast coast by 0000 UTC 25 January, and
merging with the next amplifying trough as it prop-
agated northeastward along the east coast and deam-
plified by 0000 UTC 26 January.

• The jet analyses at 250 hPa, unlike those at the 400-
hPa level, are more straightforward in describing the
evolution of this case. During the precyclogenetic pe-
riod on 24 January, a northern jet exceeding 70 m s�1

extends from the middle Atlantic coast to New Eng-
land, while a well-defined jet stream with embedded
jet streaks extends from the California coast to the
northeastern Gulf of Mexico, where it amplifies to
greater than 90 m s�1 at 0000 UTC 25 January as the
trough amplifies over the Southeast and the surface
low intensifies rapidly off the southeast coast.

• The initial cyclogenesis occurs in the entrance region
of the northern jet and in the well-defined exit region
of the southern jet as the trough becomes negatively
tilted and more diffluent between 1200 UTC 24 Jan-
uary and 0000 UTC 25 January.

• The separate jet streak evident at 400 hPa east of the
trough axis at 0000 UTC 25 January also is evident
at this level. This jet streak amplifies to greater than
80 m s�1 by 0000 UTC 26 January, with the surface

low occurring in its left-exit region and the right-en-
trance region of the northern jet.

• The northern jet also intensifies to speeds greater than
80 m s�1 as the downstream ridge builds into south-
eastern Canada and the precipitation area expands
northeastward into its right-entrance region on 25 and
26 January.

f. Infrared satellite imagery sequence

• Satellite images show two main cloud features at 0000
UTC 24 January, prior to the development of a strong
surface low off the Southeast coast. The primary area
of clouds was the long enhanced line of clouds ex-
tending from Florida to the middle Atlantic coast. The
second area of clouds is the small enhanced mass ex-
tending from Oklahoma into Illinois south to Tennes-
see. This small region is evidence of the short-wave
trough that later amplified and produced the intense
East Coast storm.

• The amplification of the upper-level trough moving
southeastward across the Gulf coast on 24 January is
reflected by the rapid expansion of a comma-shaped
cloud over Georgia and northwestern Florida, asso-
ciated with an outbreak of thunderstorms and heavy
rains at 1200 UTC 24 January as the surface low
developed over the southeastern United States.

• This small comma-shaped cloud grew rapidly into a
classic comma-cloud signature within the next 24 h
as the upper-level trough became negatively tilted, the
wavelength between the trough axis and downstream
ridge shortened dramatically, and the surface low de-
veloped rapidly as it moved just off the Atlantic coast.
The heaviest snow developed on the eastern side of
the comma ‘‘head’’ and extended to the south-south-
west of the main comma tail at 1200 UTC 25 January
from Virginia north-northeastward toward New Jer-
sey.

• The comma cloud became less organized as the sur-
face low began to weaken and as the upper-level
trough began to deamplify by 0000 UTC 26 January
2000. A second digging trough moving southeastward
from the Midwest to the North Carolina coast between
1200 UTC 25 and 26 January is not marked by a
distinct cloud signature in the satellite image because
much of the moisture associated with the initial East
Coast storm has been drawn northward and eastward
away from the deepening system.
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New York City, 30 Dec 2000 (source unknown)
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TABLE 10.30-1. Snowfall amounts for urban and selected
locations for 30–31 Dec 2000; see Table 10.1-1 for details.

NESIS � 2.48 (category 1)

Urban center snowfall amounts
Philadelphia, PA
New York, NY–La Guardia Airport
Boston, MA

9.0 in. (23 cm)
13.0 in. (33 cm)

0.5 in. (9 cm)

Other selected snowfall amounts
Randolph, NJ
Elizabeth, NJ
White Plains, NY
Oceanside, NY
Newark, NJ

26.0 in. (66 cm)
16.0 in. (41 cm)
16.0 in. (41 cm)
15.6 in. (40 cm)
13.9 in. (35 cm)

Albany, NY
Burlington, VT
Portland, ME
Hartford, CT–Bradley International Airport

12.6 in. (31 cm)
12.6 in. (31 cm)
10.8 in. (27 cm)
10.0 in. (25 cm)

30. 30–31 December 2000

a. General remarks

• This storm occurred at the end of the coldest Novem-
ber–December period on record nationwide, an as-
tonishing fact given that the previous winter was the
warmest on record for the nation. The snowstorm be-
gan as a low pressure system moving southeastward
across the plains and Midwest that later weakened
over the Ohio Valley, then redeveloped off the North
Carolina coastline. The storm then developed rapidly
early on 30 December, accelerated northeastward
along the coast, and affected the Northeast over a very
short period of time, approximately 18 h.

• Numerical prediction models indicated the potential
for a major East Coast storm as much as 7 days in
advance. Short-range forecast models, however, had
difficulty predicting the sharp western boundary of
the heavy snow–no-snow gradient, sometimes pre-
dicting heavy snow for the Washington–Baltimore re-
gion through central Pennsylvania, which did not oc-
cur.

• Heavy snow developed with a sharp western edge,
sparing Washington and Baltimore. The snow gradient
bisected the Philadelphia metropolitan area, with little
to no snow in the western suburbs and up to a foot
(30 cm) of snow in the northern and eastern suburbs.
New York City was hard hit with 10–14 in. (25–35
cm) of snow. The Boston metropolitan area was spared
significant accumulations as snow changed to rain,
while Boston’s western suburbs received up to a foot
(30 cm) of snow. Heaviest snows fell in northern New
Jersey, where up to 30 in. (75 cm) were measured and
in eastern New York, especially the Catskills, where
totals of more than 20 in. (50 cm) of snow were com-
mon.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): central and northern New
Jersey, western Long Island, extreme eastern Penn-
sylvania, eastern New York, western Connecticut,
western and central Massachusetts, and portions of
Vermont, New Hampshire, and Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northern New Jersey and
southeastern New York.

b. Surface analyses

• Cold air was in place prior to the storm across the
northeast as low pressure over eastern Canada cir-
culated cold air southward across the northeastern
United States for several days preceding the storm.
Temperatures in the Northeast urban corridor the
morning before the storm were primarily in the teens
(�F; �8� to �10�C). The primary high pressure system

was located over central Canada but a wedge of high
pressure extended southeastward into the Northeast.

• The storm initially developed as an ‘‘Alberta clipper’’-
type system (see volume I, chapter 3) with a low pres-
sure system moving southeastward from the northern
plains to the Midwest on 28–29 December. Heavy
snows accompanied this storm across North Dakota,
Minnesota, and Iowa, where up to 10 in. (25 cm) fell.
The low weakened as it approached the Midwest and
Ohio Valley late on 29 December, accompanied by
primarily light snows.

• A storm system along the Gulf and southeast coasts
that produced a damaging ice storm across Oklahoma
and Arkansas on 25–26 December moved across the
southeastern United States on 28 December. Early nu-
merical model forecasts attempted to merge this
weather system with the one diving southeastward
from the plains states, creating the potential for a tre-
mendous East Coast storm. As it turned out, the South-
east system moved quickly offshore and did not merge
with the approaching system from the northwest. De-
spite the lack of merging, a significant Northeast cy-
clone developed nonetheless.

• As low pressure weakened over the Ohio Valley late
on 29 December, a secondary low developed just east
of the North Carolina coastline between 0000 and
0600 UTC 30 December. Precipitation east of the
North Carolina coast developed rapidly and moved
northward toward extreme southeastern Virginia, east-
ern Maryland, and Delaware as light freezing rain, ice
pellets, and snow.

• The secondary low deepened rapidly from approxi-
mately 1008 hPa at 0200 UTC 30 December off the
North Carolina coast to 995 hPa by 1200 UTC 30
December east of the Delaware coast, a drop of 13
hPa in 10 h. The storm continued to deepen to 990
hPa by 1500 UTC and then ceased deepening. The
cyclone’s entire deepening occurred for only 13–15 h.

• Precipitation expanded rapidly northward after de-
veloping east of North Carolina around 0000 UTC 30
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FIG. 10.30-1. Snowfall (in.) for 30–31 Dec 2000. See Fig. 10.1-1 for details.

December, reaching southern New Jersey between
0600 and 0800 UTC, and reaching New York City by
1000 UTC 30 December. Heavy snow developed
shortly after the precipitation began, and by 1200 UTC
heavy snow was falling in New York City while up
to 4–6 in. of snow (10–15 cm) had already fallen
across a large portion of southern and central New
Jersey. Thunder and lightning accompanied the de-
velopment of heavy snow in New York City and other
locations. Much of the New York City metropolitan
area received from 10 to 16 in. (25 to 40 cm) of snow
with heavier amounts over New Jersey.

• The intense snow band was characterized by a very
sharp western edge, with no precipitation and clearing
skies in Washington and Baltimore. The Philadelphia
metropolitan area represented the western gradient of
snowfall with no snow to a couple inches (5 cm) in
the western suburbs, 10 in. (24 cm) in the city, and

more than a foot (30 cm) of snow to the north and
east.

• Heaviest snow fell across northern New Jersey, just
west of New York City and then across southeastern
New York. Twenty to 30 inches of snow (50–75 cm)
fell in north-central New Jersey, primarily from the
early morning of the 30th through the late afternoon
and early evening, accompanied by snowfall rates ap-
proaching 4 in. (10 cm) h�1.

• As the surface low ceased deepening off the New
Jersey coast, it drifted northward, reaching central
Long Island by 2100 UTC 30 December. Snow mixed
with ice pellets and rain and changed to rain over
eastern Long Island and then did the same across east-
ern Connecticut, Rhode Island, and eastern Massa-
chusetts as the surface low drifted northeastward into
eastern Connecticut late on 30 December. In eastern
New England, up to 12 in. (30 cm) of snow fell before
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FIG. 10.30-2. Twelve-hourly surface weather analyses for 0000 UTC 29 Dec–1200 UTC 31 Dec 2000. See Fig. 10.1-2 for details.
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FIG. 10.30-3. Twelve-hourly 850-hPa analyses for 0000 UTC 29 Dec–1200 UTC 31 Dec 2000. See Fig. 10.1-3 for details.
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FIG. 10.30-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 29 Dec–1200 UTC 31
Dec 2000. See Fig. 10.1-4 for details.
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FIG. 10.30-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 29 Dec–1200 UTC 31 Dec 2000.
See Fig. 10.1-5 for details.
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FIG. 10.30-6. Twelve-hourly infrared satellite images for 0000 UTC 29 Dec–1200 UTC 31 Dec 2000. See Fig. 10.16-6 for details.
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dry air from the south reduced the duration of the
heavy snows.

• As the surface low drifted northeastward across east-
ern Connecticut, a new center developed near Boston
and moved slowly northeastward toward coastal
Maine and also moved onshore early on 31 December.

c. 850-hPa analyses

• Northwesterly flow around a storm system over New-
foundland advected low-level cold air through much
of the Northeast prior to 30 December. The 850-hPa
temperatures averaged �5� to �10� C over the region
on 29 December.

• An 850-hPa low dropped southeastward across the
Midwest and reached the Ohio Valley by 0000 UTC
30 December. As the secondary low formed shortly
thereafter off the Carolina coast, the 850-hPa low also
redeveloped along the mid-Atlantic coastline by 1200
UTC with the 0�C isotherm displaced east of the cen-
ter. The 850-hPa low deepened rapidly by 0000 UTC
31 December and reached southern Connecticut.

• The development of a southeasterly 20–25 m s�1 to
easterly low-level jet is indicated in the analyses from
1200 UTC 30 December directed toward New York
City and northern New Jersey. This jet feature con-
tinued to expand and wrap around the rapidly devel-
oping vortex by 0000 UTC 31 December. This easterly
jet increased in speed to greater than 30 m s�1 by 1200
UTC 31 December.

• Heaviest snow developed in New Jersey and moved
into southeastern New York within the exit region of
the low-level jet and just west of the 850-hPa low as
it tracked from the mid-Atlantic coast at 1200 UTC
30 December to southern Connecticut at 0000 UTC
31 December. Heaviest snows developed in the 12-h
period accompanying the rapid surface pressure and
850-hPa height falls just before and after 1200 UTC
30 December. The 850-hPa low deepened marginally
between 0000 and 1200 UTC 31 December as it
moved from southern Connecticut to southern Maine.

• The 850-hPa secondary low developed in a region of
more pronounced isotherm gradients than its parent
low over the Ohio Valley. The development of an ‘‘S
shape’’ to the isotherms accompanied the intensifi-
cation of the 850-hPa low along the mid-Atlantic
coast. By 0000 UTC, 850-hPa temperatures were uni-
formly well below zero across all of New England,
despite the occurrence of mostly rain in southeastern
New England. Despite the relatively cold middle and
upper troposphere, warm air at the lowest levels below
850 hPa changed the snow to rain in eastern Massa-
chusetts and may have contributed to increased insta-
bility with numerous reports of thunder and lightning.

• The complete lack of snow in the Washington–Bal-
timore metropolitan areas and the sharp western
boundary of the snowfall in eastern Pennsylvania can

be attributed to the strong westerly flow that followed
the 850-hPa circulation off the Delaware coast be-
tween 0000 and 1200 UTC 30 December. An east-to-
southeasterly flow, accompanied by a pattern of warm-
air advections and moisture transports, was confined
to a narrow strip from southern New Jersey at 0000
UTC 30 December toward New York City at 1200
UTC 30 December.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during a weak La Niña and also
during a distinct period of negative North Atlantic
Oscillation (NAO) conditions. The NAO entered a
period in which it tended toward negative starting at
the end of October and became very negative during
the second half of December. Like the storm in Jan-
uary 2000, this storm occurred after the NAO reached
a minimum and started to become less negative (also
see Fig. 2-22, volume I). The 500-hPa analyses of an
upper ridge over Greenland that moves westward
across northeastern Canada are suggestive of a neg-
ative NAO that is weakening.

• The precyclogenetic environment at 500 hPa was
dominated by a pronounced cutoff ridge over Green-
land that had forced the southeasterly track of weather
systems over Canada into the eastern United States
for much of December, resulting in persistent cold
weather. Coincident with the cutoff ridge was a cutoff
500-hPa trough over Newfoundland, a typical location
prior to many major Northeast snowstorms.

• Upper-level confluence was evident over the north-
eastern United States and southeastern Canada
throughout the entire precyclogenetic period (prior to
0000 UTC 30 December). The confluence could have
suppressed the approaching storm system to the south
but lifted northeastward over the western Atlantic as
the cyclone-inducing trough reached the eastern Unit-
ed States. The confluence was not associated with a
pronounced surface high, but a surface ridge extend-
ing from central Canada southeastward toward the
Northeast.

• A distinct short-wave trough that produced a severe
ice storm over the southern United States on 25–26
December moved off the east coast and weakened by
1200 UTC 29 December. This system appeared to
disrupt the low-level southerly flow regime off the
southeast coast, and likely influenced the early cyclo-
genetic flow into the primary system amplifying into
the central United States on 29–30 December.

• A strongly ‘‘digging’’ or southeasterly propagating
upper trough amplified as it crossed the northern
plains and Midwest on 28–29 December. As this sys-
tem moved eastward, the Midwest surface low weak-
ened and secondary cyclogenesis began off the East
Coast by 0600 UTC 30 December.
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• As the trough amplified on 29–30 December, it at-
tained a negative tilt and became noticeably diffluent.
Rapid cyclogenesis ensued as these features reached
the East Coast after 0000 UTC 30 December.

• As the trough deepened and cyclogenesis ensued, the
distance between the trough axis and downstream
ridge axis (half-wavelength) decreased significantly
between 0000 UTC 30 December and 0000 UTC 31
December.

• Another complicated jet structure at the 400-hPa level
marked the precyclogenetic period. Although there
was a northern jet, the entrance region was well off-
shore before the cyclone developed off the New Jersey
coast on 30 December. The dominant jet feature was
the polar jet associated with the southeast-propagating
(digging) trough into the central United States.

e. 250-hPa geopotential height and wind analyses

• The digging trough over the northern plains and the
Midwest was accompanied by a strengthening 50 m s�1

upper-level jet streak diving southeastward to the rear
of the trough. As this jet approached the base of the
trough at 1200 UTC 29 December, a separate jet ap-
peared to develop and rapidly extend eastward, am-
plifying to greater than 55 m s�1 by 0000 UTC 30
December.

• The rapid cyclogenesis and low-level jet developed
within the diffluent exit region of this amplifying jet

streak as it approached the East Coast after 0000 UTC
30 December. The heavy snowfall also developed
within the exit region of this strong jet nearing the
East Coast.

• The 500-hPa trough lifted northeastward as the upper
jet rounded the base of the trough and lifted north-
eastward after 1200 UTC 30 December.

f. Infrared satellite imagery sequence

• One comma-shaped cloud mass moved off the South-
east coast at 0000 UTC 29 December, the remnants
of the ice storm that affected the south-central United
States on 25–26 December. A second comma-shaped
cloud is observed over the upper Midwest, associated
with a narrow band of heavy snow. This second cloud
feature became more disorganized as it moved east-
southeastward toward the East Coast on 29 December.

• Once the upper-level trough, its dominant jet streak,
and diffluent exit region reached the East Coast at
0000 UTC 30 December, a new comma-shaped cloud
mass developed rapidly along the North Carolina–Vir-
ginia coast between 0000 and 1200 UTC 30 Decem-
ber. This rapidly expanding comma cloud was asso-
ciated with the rapid development of heavy snows that
developed across New Jersey and the New York City
metropolitan area.

• The comma-shaped cloud continued to expand as it
moved northward through New England into south-
eastern Canada by 1200 UTC 31 December.
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Sunset after the President’s Day snowstorm of 2003 (photo courtesy of Kevin Ambrose).
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TABLE 10.31-1. Snowfall amounts for urban and selected
locations for 15–18 Feb 2003; see Table 10.1-1 for details.

NESIS � 8.91 (category 4)

Urban center snowfall amounts
Washington, DC
Baltimore, MD
Philadelphia, PA
New York, NY–Central Park
Boston, MA

16.7 in. (42 cm)
28.2 in. (73 cm)
20.8 in. (53 cm)
19.8 in. (51 cm)
27.6 in. (70 cm)

Other selected snowfall amounts
Keysers Ridge, WV
Burke, VA
Martinsburg, WV
New York, NY–John F. Kennedy Airport
Newark, NJ

44.0 in. (112 cm)
35.0 in. (89 cm)
28.0 in. (73 cm)
25.6 in. (64 cm)
23.1 in. (59 cm)

Washington Dulles, VA
Wilmington, DE
Atlantic City, NJ
Harrisburg, PA
Allentown, PA

22.4 in. (57 cm)
22.2 in. (57 cm)
21.6 in. (55 cm)
20.3 in. (52 cm)
20.1 in. (51 cm)

New York, NY–LaGuardia Airport
Bridgeport, CT
Pittsburgh, PA
Hartford, CT–Bradley International Airport

17.5 in. (44 cm)
17.3 in. (44 cm)
15.3 in. (39 cm)
15.1 in. (38 cm)

Providence, RI
Albany, NY
Concord, NH

15.0 in. (38 cm)
12.9 in. (32 cm)
11.0 in. (28 cm)

31. 15–18 February 2003

a. General remarks

• This storm is known as the Presidents’ Day Snow-
storm II since it occurred during the Presidents’ Day
weekend, as did its predecessor in February 1979
(chapter 10.18). The storm was a long-duration and
very cold snowstorm that was accompanied by a large,
arctic anticyclone but only a weak surface cyclone.
Over 3 days, Baltimore recorded its heaviest snow
event on record with 28.2 in. (73 cm); Boston received
27.5 in. (70 cm), the heaviest 24-h snowfall on record;
and New York City’s John F. Kennedy Airport re-
corded 25.6 in. (64 cm), the heaviest fall on record at
that location. Officially, New York City’s Central Park
measured its fourth greatest snowfall and heaviest
February snowstorm with 19.8 in. (51 cm). Washing-
ton’s Reagan National and Dulles Airports recorded
16.7 (42) and 22.4 in. (57 cm), respectively, while
Philadelphia recorded 20.8 in. (53 cm), including 2
in. (5 cm) on the morning of 15 February and 18.7
in. (48 cm) from the second round of snow on 16–17
February. Portions of the metropolitan areas from
Washington through Boston recorded more than 20 in.
(50 cm) of snow. Blizzard conditions were not wide-
spread as winds were only of marginal strength im-
mediately along the coastline.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): northern Virginia, northern
West Virginia, Maryland, Delaware, southern and
eastern Pennsylvania, New Jersey, eastern New York,
Connecticut, Rhode Island, Massachusetts, southern
Vermont and New Hampshire, and extreme southern
Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): northern Virginia, northern
West Virginia, Maryland, Delaware, southern and
southeastern Pennsylvania, much of New Jersey,
southeastern New York, and portions of Connecticut,
Rhode Island, Massachusetts, and southern New
Hampshire.

• The following regions reported snow accumulations
exceeding 30 in. (75 cm): scattered portions of north-
eastern West Virginia, northern Virginia, Maryland,
and southern Pennsylvania.

• The following editorial appeared in the New York
Times (18 February 2003) expressing the impact of
the blizzard during a turbulent period in American
history.

The Blizzard of 2003

There’s one thing to be said for the powerful snowstorm
that brought the East Coast to a near-standstill over
the past two days. It restored us all to the immediacy
of the moment. This was an event that had nothing to
do with human will. All the official resolutions and dec-

larations in the world would not have abated a single
flake of falling snow. Humans have always been dis-
posed to read something symbolic into the grand cat-
aclysms that nature brings, and in the hush that fell
over New York, Washington and the other cities on the
Eastern Seaboard you could hear an extraordinary
peace, as if the storm had momentarily overshadowed
the war against terrorism and the escalating crisis with
Iraq. The run on duct tape and plastic sheeting stopped
temporarily, replaced by a run on snow blowers and
ice salt. That free-floating dread was replaced by free-
floating flurries.

The explanation of this storm has a classic regionalism
to it. A stream of warm, wet Southern air ran up against
a cold dome of Arctic air stationed over the Northeast.
The storm cut a broad swath through the mid-Atlantic
states, creating one disaster area after another, threat-
ening to break some of the East’s most venerable rec-
ords. Washington was especially hard hit.

In New York, a city that often seems impervious to
weather, the snow gained the upper hand yesterday.
Airports shut down, trains were delayed and side streets
that went unplowed were all but impassable to cars.
Pedestrians, finding snow-clogged sidewalks hard to
navigate, walked boldly down the middle of main thor-
oughfares like Broadway and Fifth Avenue, only oc-
casionally scampering to the side as a lone bus or snow-
plow approached. Cross-country skiers, liberated by the
national holiday, flocked to Central Park, where they
found an eerily peaceful Siberian landscape. Absent a
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FIG. 10.31-1. Snowfall (in.) for 15–18 Feb 2003. See Fig. 10.1-1 for details.

snow-removal miracle, the wintry scene, including
chest-high drifts, promises to give way to huge traffic
snarls and other transportation nightmares as the work-
week begins today. New Yorkers will be watching close-
ly to see how quickly Mayor Michael Bloomberg can
get the city back up and running–including the outer
boroughs, where snow clearing has not always been a
high priority for City Hall.

Along with all the other things that a storm like this
delivers–inconvenience to most, severe risk to some,
death to a few–it also delivers a strangely uplifting sense
that life might just be lived at a different pace. Sweeping
up from the south, shutting down malls and monuments
and entire cities, this storm came upon us like a vestige
of the past, as if the rising winds were somehow blowing
us back in time. Compared with the need to stay warm
and dry, the other necessities of life seem less pressing.
Suddenly there is nowhere to get to and no getting there

fast. All the urgencies that crowd the calendar look
entirely postpone-able. The storm brought an almost
meditative calm, time to slow down and remember, once
again, that human life can be lived only within the frame
of nature.

It was natural to watch this storm with mixed emotions.
The plowing bill will wreak havoc on already wrecked
city budgets. Undoing the damage in the worst-hit areas
will take days. And yet there’s something oddly grati-
fying and pleasantly distracting about the snow. After
all, it would be nice to think that the historic times we
live in were made historic by nothing more than a major
blizzard.

b. Surface analyses

• The storm developed in a series of stages that began
on 14 February and lasted into 18 February. An initial
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FIG. 10.31-2. Twelve-hourly surface weather analyses for 1200 UTC 15 Feb–0000 UTC 18 Feb 2003. See Fig. 10.1-2 for details.
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FIG. 10.31-3. Twelve-hourly 850-hPa analyses for 1200 UTC 15 Feb–0000 UTC 18 Feb 2003. See Fig. 10.1-3 for details.
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FIG. 10.31-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 1200 UTC 15 Feb–0000 UTC 18
Feb 2003. See Fig. 10.1-4 for details.
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FIG. 10.31-5. Twelve-hourly analyses of 250-hPa geopotential height for 1200 UTC 15 Feb–0000 UTC 18 Feb 2003.
See Fig. 10.1-5 for details.
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FIG. 10.31-6. Twelve-hourly infrared satellite images for 1200 UTC 15 Feb–0000 UTC 18 Feb 2003. See Fig. 10.16-6 for details.
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burst of snow early on 15 February produced a narrow
band of snowfall accumulations between Washington
and Philadelphia, with as much as 4–5 in. (10–12 cm)
of snow in suburban Maryland. During this phase,
only 0.2 in. (0.5 cm) fell at Washington’s Reagan–
National Airport while 2 in. (5 cm) or more fell at
Washington’s Dulles Airport, and Baltimore and Phil-
adelphia.

• A large anticyclone strengthened over eastern Canada
and central pressures increased to 1046 hPa by 1200
UTC 16 February. As the anticyclone strengthened,
cold air surged southward along the East Coast fol-
lowing the initial snowfall. By 0000 UTC 16 Febru-
ary, the leading edge of the cold air had drifted south-
ward to the North Carolina–South Carolina border
with freezing temperatures progressing southward to
the Virginia–North Carolina border. By 1200 UTC 16
February, the cold air continued to surge southward
along the east slopes of the Appalachians into Georgia
and later reached as far west as northeastern Alabama.

• The cold anticyclone provided bitterly cold temper-
atures during the second phase of the storm, with tem-
peratures averaging mostly in the teens (�F) in the
major metropolitan areas. During the snow, temper-
atures fell to as low as 10�F (�12�C) at Philadelphia.

• The second phase of the storm developed as precip-
itation expanded eastward from the Ohio Valley within
the cold wedge east of the Appalachians later on 15
February and then began to spread slowly northward
through Maryland, Delaware, and southern Pennsyl-
vania on 16 February. The development of heavy
snow from northern Virginia to Pennsylvania occurred
with a fairly weak area of low pressure over Tennessee
and no significant low pressure system along the At-
lantic coast. Once snow started falling, it fell heavily
at rates approaching 2 in. (5 cm) h�1, or greater.

• Coastal frontogenesis and weak East Coast cyclogen-
esis developed later on 16 February, after heavy snow
had already brought the Washington–Baltimore met-
ropolitan area to a standstill and as snowfall spread
slowly northeastward into eastern Pennsylvania, New
Jersey, and into New York City by evening. By 0000
UTC 17 February, a 1010-hPa low was analyzed just
east of northeastern South Carolina.

• The low pressure system deepened slowly between
0000 and 1200 UTC 17 February as it moved from
the Carolina coastline to a position east of the Del-
marva Peninsula, having deepened only to 1005 hPa.
Heavy snow spread into New York City and southern
New England overnight.

• The low pressure system then moved slowly east-
northeastward and did not deepen any further. How-
ever, the heavy snow continued to spread into eastern
New England, where Boston received their record-
setting snow late in the day and at night. It was during
this phase of the storm that a strong pressure gradient
developed north of the low as it moved toward the
weakening, but still strong anticyclone centered over

Maine by 1200 UTC 17 February. The strong winds
created near-blizzard conditions from New York City
to Boston on 17 February.

• A final area of light to moderate snow moved across
the Appalachians late on 17 February and brought
generally light accumulations from northern Virginia
to New York late on 17 February and early on 18
February before the snow finally ended.

c. 850-hPa analyses

• A deep low over Labrador was associated with strong
northwesterly flow and advection of very cold air into
the Northeast as the surface anticyclone was building
eastward across southeastern Canada. A core of �35�
to �40�C air was located over Quebec at 1200 UTC
15 February with temperatures below �30�C in north-
ern Maine.

• The 0�C isotherm was located over northern Virginia
at 1200 UTC 15 February as a weak short-wave trough
crossed the Maryland–Virginia coast associated with
the initial burst of snow. Once this system passed
eastward and snow ended, the 0� isotherm sagged
southward into southern Virginia by 0000 UTC 16
February and near the North Carolina border by 1200
UTC 16 February where freezing rain, sleet, and snow
continued into Virginia. The 850-hPa temperature at
Blacksburg, Virginia, dropped from 2� to �10�C by
1200 UTC 16 February with the development of a
very strong temperature gradient over North Carolina
and Virginia while the corresponding 850-hPa tem-
perature at Greensboro was 7�C. Heavy snow and sleet
developed over Virginia during this time.

• An 850-hPa low was located over western Missouri
at 1200 UTC 15 February and drifted very slowly
eastward into the Ohio Valley by 1200 UTC 17 Feb-
ruary while barely deepening.

• By 0000 UTC 17 February, the very intense temper-
ature gradient along the mid-Atlantic coast was at-
tended by greater than 20 m s�1 east-southeasterly
winds at both Washington’s Dulles Airport and Wal-
lops Island, Virginia, indicative of a developing low-
level jet (LLJ), directed from the Atlantic toward
northern Virginia and the Appalachian Mountains. At
this time, heavy snow had already blanketed the mid-
Atlantic region and was spreading slowly northward
into northern New Jersey and New York City.

• A secondary 850-hPa low formed in the region of an
intense temperature gradient over Virginia by 1200
UTC 17 February. This secondary 850-hPa low cor-
responds to the period of heavy snow developing from
New Jersey and New York City into southern New
England. This low drifted slowly northeastward to off
the New Jersey coast by 0000 UTC 18 February, when
heavy snow was affecting much of southern New Eng-
land.

• As the separate low developed along the coast, the
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easterly LLJ amplified to greater than 25 m s�1 by
1200 UTC 17 February, directed toward the area of
heaviest snows in northeastern Pennsylvania through
New York City. This low and its attending easterly
LLJ drifted slowly eastward to off the southeastern
New England coastline by 1200 UTC 18 February
(not shown) and did not deepen.

• The lack of intensification of the secondary 850-hPa
low is consistent with the lack of intensification of the
surface low pressure center. The slow evolution and
presence of an intense baroclinic zone at 850 hPa and
an LLJ transporting copious moisture into the area of
heaviest snow contributed to the heavy snowfall oc-
curring over an extended period, especially from Vir-
ginia to southeastern Pennsylvania.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm developed during a winter during which a
moderate El Niño was present and the North Atlantic
Oscillation (NAO) tended toward a negative value.
That said, the storm actually developed in a period of
the winter where the El Niño was weakening and when
the sign of the NAO was actually positive.

• The precyclogenetic environment at 500 hPa was not
dominated by a pronounced cutoff ridge over Green-
land, hence, in a pattern where the NAO is not ex-
pected to be negative. However, a pronounced cutoff
500-hPa trough was entrenched over Newfoundland
at 1200 UTC 15 February 2003, a typical location
prior to many major Northeast snowstorms.

• This is a case in which upper-level confluence is ev-
ident over the eastern half of North America through
1200 UTC 17 February, even as the upper-level trough
over eastern Canada recedes northeastward to near
Greenland. The confluence is associated with the
strengthening surface high pressure center over east-
ern Canada that supplied the very cold air in the low
levels just prior to and during this snowstorm.

• An upper trough that originally supplied heavy rainfall
over California on 12–13 February moved slowly
eastward and weakened. By 1200 UTC 15 February,
this trough was a rather broad feature in the middle
of the country and contained several shorter wave-
length features. This trough remained broad with sep-
arate short-wave features, and amplified slowly be-
tween 1200 UTC 16 February and 1200 UTC 17 Feb-
ruary as it moved slowly eastward toward the East
Coast. The trough then weakened after 0000 UTC 18
February as it crossed the East Coast, coinciding with
the slow movement of a surface low that did not deep-
en appreciably with time.

• While the amplitude of the trough does not appear to
deepen, the half-wavelength between the trough and
downstream ridge appears to shorten as the trough
approaches the East Coast on 16–17 February. More

importantly, from 1200 UTC 15 February to 0000
UTC 17 February, the eastern and southern portions
of the trough extend well to the south, with south-to-
southwesterly flow extending from Mexico and the
Gulf of Mexico toward the developing snowstorm. As
is shown in the satellite imagery, this flow appears to
support a connection from the Tropics toward higher
latitudes, from well south of Texas and the Gulf of
Mexico toward the developing snowstorm on 16–17
February.

• This case is defined by the overwhelming presence of
a strong upper-level jet streak within the confluent
zone over New England upstream of the upper trough
over eastern Canada. This jet is marked by greater
than 70 m s�1 winds along its axis and a well-defined
entrance region that remains over the northeast quarter
of the United States through 1200 UTC 17 February,
after which it drifts slowly eastward over the Atlantic.
This jet streak and its entrance region are located
above the strengthening surface anticyclone over
southeastern Canada.

• A separate southern jet with wind speeds greater than
40 m s�1 developed east of the deepening trough over
the southeast United States by 1200 UTC 16 February.
This jet slowly amplified to greater than 50 m s�1

along the Carolina coast by 1200 UTC 17 February.
The surface low that slowly developed off the Virginia
coast on 17 February formed within the exit region
of the southern jet as precipitation streamed north-
eastward toward the right-entrance region of the north-
ern jet streak.

e. 250-hPa geopotential height and wind analyses

• This case has a well-defined confluence region main-
tained over the northeast United States through 1200
UTC 17 February. The deepening trough over the cen-
tral United States is well defined by 15–16 February
at 250 hPa. The southern extension of the trough ex-
tends over the western Gulf of Mexico as it amplified
across the central United States by 1200 UTC 16 Feb-
ruary.

• The northern jet streak within the confluent zone over
the Northeast intensified from greater than 70 m s�1

to greater than 100 m s�1 between 1200 UTC 15 Feb-
ruary and 0000 UTC 17 February as the entrance re-
gion of the northern jet extended from the Ohio Valley
to the middle Atlantic states to New England.

• A slow increase in wind speeds east of the southern
trough axis is also analyzed with a greater than 60 m s�1

jet streak extending from the Gulf region northeast-
ward along the East Coast by 17 February.

• The heavy snow on 16 February developed within the
right-entrance region of the northern jet. The cyclone
that slowly developed east of the Virginia coast and
its expanding region of precipitation on 17 February
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developed within the exit region of the southern jet
streak and right-entrance region of the northern jet.

f. Infrared satellite imagery sequence

• A broad west–east band of clouds extends from the
Ohio Valley eastward to off the middle Atlantic coast
at 1200 UTC 15 February and 0000 UTC 16 February
in association with the precipitation streaming east-
ward in the cold air north of the stationary boundary
and within the entrance region of the northern jet,
especially evident in the 250-hPa analyses.

• While a comma ‘‘tail’’ is present during this entire
case as moisture streams northward in an anticyclonic
arc from the Tropics toward the eastern half of the
United States, the flow of moisture becomes more
pronounced by 1200 UTC 16 February and 0000 UTC
17 February from the Gulf of Mexico northeastward
into the expanding cloud mass over the middle At-

lantic states and Northeast. This tropical–extratropical
interaction between the moisture flowing northward
from the Tropics and the cold air parked over the
Northeast is related to the upper jets on the east side
of the trough nearing the East Coast interacting with
the pronounced entrance region of the intensifying
northern jet, especially visible at 250 hPa.

• An area of colder cloud-top temperatures develops
from the panhandle of West Virginia northeastward
into southeastern New York by 0000 UTC 17 Feb-
ruary as heavy snows develop from the Washington–
Baltimore area northeastward toward New York City.
This area of cold cloud tops drifts northeastward into
New England by 1200 UTC 17 February as heavy
snow expands into southern New England. The classic
‘‘comma shape’’ to the cloud mass is fully formed
over New England by 0000 UTC 18 February with
the heaviest snow in the Boston area occurring within
the southern area of the comma ‘‘head’’ over New
England.
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Rockefeller Center after the 5–7 Dec 2003 snowstorm (photo by R. S. Guskind).
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TABLE 10.32-1. Snowfall amounts for urban and selected
locations for 5–7 Dec 2003; see Table 10.1-1 for details.

NESIS � 4.63 (category 3)

Urban center snowfall amounts
Washington, DC–Reagan National Airport
Washington, DC–Dulles Airport
Baltimore, MD–Baltimore–Washington Airport
Philadelphia, PA
New York, NY–Central Park
Boston, MA

2.6 in. (6 cm)
7.8 in. (20 cm)
6.8 in. (17 cm)
4.8 in. (12 cm)

14.0 in. (35 cm)
16.9 in. (42 cm)

Other selected snowfall amounts
Pinkham Notch, NH
Rangeley, ME
Peabody, MA
Rowley, MA
Norwood, MA

52.0 in. (132 cm)
41.0 in. (104 cm)
35.6 in. (90 cm)
34.0 in. (86 cm)
26.0 in. (66 cm)

Taunton, MA
Concord, NH
East Boston, MA
Centereach, NY
Upton, NY

25.9 in. (66 cm)
22.5 in. (57 cm)
22.0 in. (56 cm)
20.5 in. (52 cm)
19.8 in. (50 cm)

Farmingdale, NY
Hartford, CT–Bradley International Airport
Albany, NY
Burlington, VT
Bryant Park, NY

19.0 in. (48 cm)
19.0 in. (48 cm)
18.0 in. (46 cm)
18.0 in. (46 cm)
17.8 in. (45 cm)

Providence, RI
Newark, NJ
Worcester MA
Baltimore, MD
Bridgeport, CT
Northeast Philadelphia, PA

17.0 in. (43 cm)
16.4 in. (42 cm)
14.5 in. (37 cm)
12.0 in. (30 cm)
12.0 in. (30 cm)
10.5 in. (27 cm)

32. 5–7 December 2003
a. General remarks

• This storm occurred more than 2 weeks before the
official start of winter and was one of the heaviest
early December snowstorms on record for New York
City [14.0 in. (36 cm)] and Boston [16.9 in. (43 cm)].
This was a complex storm system that occurred in
distinct stages in portions of the middle Atlantic states,
while in New England, it was perceived to be just one
long-duration snowstorm.

• The distribution of snowfall from this storm was re-
markably nonuniform or mesoscale in character. Even
while the surface low was deepening south of New
England on 6 December, snow fell heavily in some
places, such as eastern Massachusetts and extreme
eastern New York, while it was snowing barely at all
in other locations, such as eastern Connecticut and
extreme southeastern New Hampshire. The net result
was a widely varying snowfall distribution with nearly
3 feet (90 cm) of snow falling in some of Boston’s
northern suburbs, while only 8 in. (20 cm) of snow
fell in Nashua, New Hampshire, only 50 km to the
northwest.

• The following regions reported snow accumulations
exceeding 10 in. (25 cm): extreme northern Virginia,
northern Maryland, south-central and southeastern
Pennsylvania, northern New Jersey, southeastern and
eastern New York, Connecticut (except the southeast),
Rhode Island, Massachusetts, Vermont, New Hamp-
shire, and Maine.

• The following regions reported snow accumulations
exceeding 20 in. (50 cm): eastern New York, Vermont,
central and northern New Hampshire and Maine, east-
ern Massachusetts, and northwestern Rhode Island.

• The following regions reported snow accumulations
exceeding 30 in. (75 cm): scattered portions of eastern
New York, eastern Massachusetts and northern Ver-
mont, northeastern New Hampshire, and northwestern
Maine.

b. Surface analyses

• This was a complex storm that developed in a series
of stages, similar to that of the ‘‘Presidents’ Day II’’
snowstorm earlier in the year (chapter 10.31), al-
though in a much different manner. Snow fell in two
distinct stages for a number of places throughout the
middle Atlantic states, but blended into one prolonged
event over New England.

• An initial burst of snow occurred in the middle At-
lantic states on 5 December as low pressure developed
along a coastal front off the Southeast coast and
moved slowly northeastward to a position east of the
Maryland coastline by 0000 UTC 6 December 2003.
This low pressure system developed east of South
Carolina late on 4 December and deepened from 1016
to 1005 hPa in 24 h ending at 0000 UTC 6 December.

• Snow changed to rain in the southern and eastern sub-
urbs of Washington and Baltimore but remained as all
snow in the northern and western suburbs of Wash-
ington and from the city of Baltimore north and west.
Up to 10 in. (25 cm) of snow fell in northern Virginia
in a narrow band while 4–6 in. (10–15 cm) were
common in the northern suburbs of Washington and
in Baltimore on 5 December. Snow changed to sleet
and rain in Philadelphia after only a couple of inches
fell during the day on 5 December, while precipitation
remained as all snow in New York City, where 8 in.
(20 cm) accumulated by late evening on 5 December.

• The surface low drifted eastward from the Maryland
coast and weakened after 0000 UTC 6 December as
a new low pressure center formed close to the Mary-
land coast by 1200 UTC 6 December. This represents
secondary cyclogenesis as a primary low pressure cen-
ter moved across the Ohio Valley on 4–5 December
and dissipated over the Appalachian Mountains. The
coastal low pressure system then moved northeast-
ward and deepened more rapidly than the first coastal
low, deepening from 1002 hPa at 1200 UTC 6 De-
cember, to 992 hPa by 0000 UTC 7 December, and
to 988 hPa by 1200 UTC 7 December.

• The development of this new low pressure center was
accompanied by the redevelopment of snow in the
Washington–Baltimore area late on 5 December and
early on 6 December. An additional 4–6 in. (10–15



C H A P T E R 1 0 651T H I R T Y - T W O S E L E C T E D S N O W S T O R M S

FIG. 10.32-1. Snowfall (in.) for 5–7 Dec 2003. See Fig. 10.1-1 for details.

cm) of snow fell in the northern suburbs of Washing-
ton and Baltimore. An area of moderate to heavy snow
developed across eastern Maryland, southeastern
Pennsylvania, and New Jersey on 6 December and
then moved back into the New York City area during
the afternoon. This band of heavy snow extended
northward into eastern New York and western New
England, where up to 30 in. (75 cm) of snow fell.

• Snow began over southern New England late on 5
December and spread slowly northward early on 6
December. As the second surface low moved north-
eastward and deepened on 6 December, snow contin-
ued to fall across much of New England, becoming
very heavy across eastern Massachusetts and across
much of northern New England, where some of the
heaviest snow fell into the early morning of 7 De-
cember. In some areas of New England, snow fell for
36–48 h, contributing to the excessive snowfall ac-
cumulations.

• With the surface low intensifying east of the New

Jersey coast on 6 December, a strengthening surface
anticyclone north of New York and New England pro-
vided cold air for snowfall in the Northeast. This high
pressure system strengthened from 1032 hPa at 0000
UTC 6 December to 1041 hPa by 0000 UTC 7 De-
cember. The combination of a strengthening high pres-
sure system and a deepening coastal low produced
wind gusts exceeding 40 mi h�1 from New York City
to Boston, with winds greater than 50 mi h�1 recorded
along the coast of Maine, resulting in blowing and
drifting snow from New Jersey northward into Maine.

c. 850-hPa analyses

• The precyclogenetic period was marked by a trough
over eastern Canada, with northwesterly flow ad-
vecting cold air into the Northeast as the surface an-
ticyclone was building eastward across southeastern
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FIG. 10.32-2. Twelve-hourly surface weather analyses for 0000 UTC 5 Dec–1200 UTC 7 Dec 2003. See Fig. 10.1-2 for details.
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FIG. 10.32-3. Twelve-hourly 850-hPa analyses for 0000 UTC 5 Dec–1200 UTC 7 Dec 2003. See Fig. 10.1-3 for details.
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FIG. 10.32-4. Twelve-hourly analyses of 500-hPa geopotential heights and upper-level wind fields for 0000 UTC 5 Dec–1200 UTC 7 Dec
2003. See Fig. 10.1-4 for details.
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FIG. 10.32-5. Twelve-hourly analyses of 250-hPa geopotential height for 0000 UTC 5 Dec–1200 UTC 7 Dec 2003.
See Fig. 10.1-5 for details.
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FIG. 10.32-6. Twelve-hourly infrared satellite images for 0000 UTC 5 Dec–1200 UTC 7 Dec 2003. See Fig. 10.16-6 for details.
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Canada. The 0�C isotherm progressed as far south as
central Virginia by 0000 UTC 5 December.

• The precyclogenetic period was also marked by a sig-
nificant 850-hPa low over the Ohio Valley that de-
veloped into a closed circulation by 1200 UTC 5 De-
cember. A secondary 850-hPa low developed along
the middle Atlantic coast after 1200 UTC 5 December
within a zone of an increasing temperature gradient
along the immediate middle Atlantic coast and related
area of warm-air advection as snow developed across
northern Virginia, Maryland, and southern Pennsyl-
vania. During this same period of time, the temper-
ature gradient surrounding the 850-hPa low attained
an S shape as the second surface low began a period
of more rapid intensification.

• A southeast-to-easterly low-level jet with winds ex-
ceeding 20 m s�1 developed, first to the east, and then
to the north of the developing 850-hPa circulation
along the middle Atlantic coast. The low-level jet
(LLJ) was directed toward the area of moderate to
heavy precipitation in the middle Atlantic states at
1200 UTC 5 December and 0000 UTC 6 December,
and toward the Northeast states on 6–7 December.

• As the original 850-hPa low drifted slowly south-
eastward across the Ohio Valley and weakened by
0000 6 December, it seemed to eventually combine
with the coastal circulation by 1200 UTC 6 December.
Therefore, the 850-hPa low appeared to remain vir-
tually stationary just off the Maryland coast between
0000 and 1200 UTC 6 December. This was the same
period during which one coastal surface low drifted
east and weakened while a new surface low developed
along the Maryland coast.

• Following 1200 UTC 6 December, the 850-hPa low
moved northeastward and deepened for the next 24 h,
resulting in an intense circulation nearly collocated
with the surface low by 1200 UTC 7 December. The
LLJ to the north of the low intensified from greater
than 25 m s�1 at 1200 UTC 6 December to greater
than 30 m s�1 over the New England coast by 0000
and 1200 UTC 7 December, directed at each time
toward the areas of heaviest snowfall.

d. 500-hPa geopotential height and 400-hPa wind
analyses

• This storm and related circulation pattern represented
the early start of the 2003/04 winter, during a period
in which the El Niño–Southern Oscillation (ENSO)
was relatively weak and the sign of the NAO was
trending from positive to negative.

• The precyclogenetic environment at 500 hPa was
dominated by a large cutoff trough over eastern Can-
ada, with several short-wave features rotating about
the vortex, maintaining the trough over eastern Can-
ada.

• Pronounced upper-level confluence was found over

the northeast United States on 4–5 December during
the precyclogenetic period and over southeastern Can-
ada during the cyclogenetic period on 5–6 December.
The confluence is associated with the relatively sta-
tionary surface high pressure center over eastern Can-
ada that strengthened on 6 December and supplied the
low-level cold air for the snowstorm. This confluence
was associated with the entrance region of an upper-
level jet streak that appears relatively stationary east
of Maine before drifting slowly northward to New-
foundland on 6 December.

• The evolution of the upper troughs associated with
the complex low pressure system with this case is
complicated and contributed to the prolonged period
of snowfall that marked this case. A precursor upper-
level trough over the Tennessee Valley at 0000 UTC
5 December was associated with the development of
the initial coastal low pressure system on 5 December.
The development of the second, intensifying surface
low was associated with a separate and more signif-
icant trough that initially propagated southeastward
across the northern Midwest on 4–5 December and
then drifted east-northeastward toward the East Coast
on 5–6 December. This trough was associated with a
greater than 60 m s�1 jet streak at 400 hPa that rotated
from the western side of the trough at 0000 UTC 5
December, amplified to 70 m s�1 at the base of the
trough at 1200 UTC 5 December and then propagated
to the eastern side of the trough at 0000 and 1200
UTC 6 December. This occurred as the second surface
low developed off the Maryland coast, within the exit
region of this jet streak.

• A third trough dropping southeastward from south-
central Canada into the northeastern United States on
5–7 December also played a role in maintaining the
upper trough over the northeast United States through
7 December as it propagated southward over the east-
ern Great Lakes on 6 December and rotated about the
main trough moving slowly northeastward toward the
New England coast on 6–7 December.

• At 1200 UTC 5 December and 0000 UTC 6 December,
the initial area of developing snowfall across the mid-
dle Atlantic states and southern New England oc-
curred within the transverse circulation patterns as-
sociated with the classic ‘‘dual-jet pattern,’’ within the
right-entrance region of the northern jet streak and the
left-exit region of the jet streak associated with the
approaching trough.

e. 250-hPa geopotential height and wind analyses

• The 250-hPa level reflects the trough pattern over
southeastern Canada and confluence across the north-
east United States on 5–6 December needed to sustain
cold air for this snowstorm. The trough and related
jet streak that amplified across the central United
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States by 5 December, contributing to this slow-mov-
ing coastal system, are also clearly evident.

• The Canadian trough drifted northeastward at and af-
ter 0000 UTC 6 December as a trough over the center
of the country drifted east and attained a negative tilt
by 0000 UTC 7 December. The rapid development of
the surface cyclone coincided with the amplification
and development of the negatively tilted trough.

• The second area of snowfall on 6–7 December appears
to develop primarily in the exit region of the 400-hPa
jet rotating about the east side of the upper trough but
also appears to develop in the entrance region of an
intensifying jet streak at 250 hPa drifting northward
from the northeast United States to southeastern Can-
ada between 0000 UTC 6 December and 0000 UTC
7 December.

f. Infrared satellite imagery sequence

• An extended area of clouds from Minnesota south-
eastward to the middle Atlantic states at 0000 UTC
5 December represents the multiple troughs–jet

streaks that influenced the complex evolution of this
storm system. One comma-shaped cloud mass is ob-
served at this time over North Carolina and Virginia
that represents the first coastal low pressure system
and area of snowfall that drifts northeastward over the
next 12–24 h. The area of highest clouds shrinks as
it moves northward toward southern New England by
0000 UTC 6 December.

• A second area of colder cloud-top temperatures drifts
from the Midwest at 1200 UTC 5 December to Penn-
sylvania at 0000 UTC 6 December and begins to ex-
pand as a separate area of colder cloud-top tempera-
tures drops southeastward across southeastern Canada
between 0000 and 1200 UTC 6 December. This occurs
at the same time as a region of colder cloud-top tem-
peratures remains anchored over extreme eastern New
England as snow begins to envelop much of New
England.

• Between 1200 UTC 6 December and 0000 UTC 7
December, the separate cloud masses organize into the
classic comma shape that is maintained through 1200
UTC 7 December, the period in which the surface low
intensified south of New England and the heaviest
snows fell from Long Island to Maine.
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Chapter 11

DESCRIPTIONS OF ‘‘NEAR MISS’’ EVENTS

In this chapter, examples of three categories of ‘‘near
miss’’ storms (see volume I, chapter 5) are presented.
The first category is called interior snowstorms, since
these are events that posed a threat of heavy snow ac-
cumulations along the coast, but the threat did not ma-
terialize as heaviest snowfall amounts fell inland and
snow changed to rain or mixed precipitation within the
more heavily populated urban corridor. The second cat-
egory is termed moderate snowstorms and describes
cases that posed a potential heavy snow threat to the
Northeast urban corridor but were marked by more mod-
erate snowfall amounts, generally 4–10 in. (10–25 cm).
In these cases, heavy snow amounts exceeding 10 in.
(25 cm) may have fallen, but over smaller domains than
described for the 32 cases discussed in chapter 10. The
third category is termed ice storms and describes sig-
nificant storms involving other frozen precipitation
types such as freezing rain or ice pellets.

Synoptic overviews of interior snowstorms, moderate
snowstorms, and ice storms from 1950 to 2000 are pre-
sented to contrast these winter weather events with the
major snowstorms described in chapter 10. Fifteen cases
each of interior and moderate snowstorms and seven ice
storm cases are described for the period from 1950
through the end of the 20th century. Snowfall figures
are provided (except for a few ice storm cases in which
snowfall did not play an important role), as well as a
12-hourly sequence of surface charts and 850-, 500-,
400-, and 250-hPa analyses derived from the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
datasets. Some of the following information was derived
from summaries appearing in the publications Clima-
tological Data and Storm Data.

1. Interior snowstorms

Fifteen interior snowstorms are described in this sec-
tion, with emphasis placed on the evolution of the sur-
face cyclone and anticyclones and their associated up-
per-level troughs, confluence, diffluence patterns, and
upper-level jet streaks. As described in chapter 5 of
volume I the surface low pressure systems associated
with these storms tend to move closer to the coastline
than the snowstorms described in chapter 10, with the
surface low often passing near or to the west of the

coasts of the Carolinas and the Delmarva Peninsula.
Surface anticyclones are located farther north and east
than those shown in chapter 10, favoring a flow of mar-
itime air near the coastline, resulting in surface warming
that would favor rain or a change from snow to rain.

These snowstorms are marked by upper-level troughs
that tend to have more amplitude and become negatively
tilted farther south and west of the upper-level troughs
associated with the heavy snow cases presented in chap-
ter 10. Across the western Atlantic, the downstream
upper-level ridge is more amplified in these cases than
the cases in chapter 10. As the upper ridge builds over
the Atlantic, upper-level confluence over the northeast
United States and southeastern Canada is forced north-
ward and eastward, or diminishes. The cold surface an-
ticyclone in these cases drift eastward, allowing warmer
air to reach the coastline, favoring rain over snow near
the coast and snow farther inland.

The 15 cases described in the following sections in-
clude several notable storms from the last half of the
20th century and include one of the most damaging
storms on record, the Ash Wednesday storm of March
1962, a slow-moving storm system that produced record
coastal flooding along the mid-Atlantic coast and a sig-
nificant snowfall in portions of the middle Atlantic
states. Many of the other storm systems produced wide-
spread snowfall inland with snow and rain along the
coast.

While many of these storms produced similar areas
of heavy snowfall as in the 30 cases shown in the pre-
vious chapter, they typically affected smaller popula-
tions since the heaviest snow fell outside the urban cor-
ridor. As a result, Northeast Snowfall Impact Scale val-
ues (NESIS; see volume I, chapter 8; also see Kocin
and Uccellini 2004) generally ranged between 2 and 4
(Table 8-2, volume I), and averaged near 3.1, signifi-
cantly less than the average of 4.8 for the first 30 snow-
storm cases in chapter 10. The smaller NESIS values
for the interior snowstorms illustrates how storms with
similar areas of snowfall have a smaller impact, related
to the smaller population affected by the inland storms.

a. 17–18 February 1952: NESIS � 2.17

During the relatively quiescent early 1950s, this was
one of a few storms that produced heavy snow, with
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FIG. 11.1-1. Snowfall (in.) for 17–18 Feb 1952. Shading contours are for 10 (25), 20 (50), and 30 in. (75 cm).

12–30 in. (30–75 cm) of snow across much of central
and northern New England (Fig. 11.1-1). This storm
spared much of the urban corridor from the heaviest
snows, with the exception of the Boston metropolitan
area, where 10–15 in. (25–38 cm) of snow was common.

The storm developed as a diffuse area of low pressure
consolidated off the southern New England coast into
an intense cyclone, with central pressures falling rapidly
near southeastern Massachusetts between 1830 UTC 17
February and 0630 UTC 18 February 1952 (Fig. 11.1-
2). This period of rapid deepening resulted in heavy
snow late on 17 February and early on 18 February,
with high winds across much of central New England
northeastward into Maine. The loss of two ocean tankers
resulted in 15 fatalities and 28 others are estimated to
have lost their lives during the storm. The snowstorm
was especially severe in Maine, where more than a thou-
sand people were stranded on the roads.

The storm was associated with an 1) intensifying 850-
hPa circulation immediately along the coast and related
low-level jets (LLJs; see Fig. 11.1-2; also note the am-
plification of wind speeds to greater than 40 m s�1 in
the easterly LLJ between 1500 UTC 17 February and

0300 UTC 18 February 1952) and 2) an amplifying
upper-level trough that attained a negative tilt by 1830
UTC 17 February (Fig. 11.1-3), coincident with the on-
set of rapid deepening. With the negative tilt, 500-hPa
heights rose downstream of the trough along the western
Atlantic, with a significant jet streak at 400 hPa ex-
tending northeastward up the East Coast on 17 February
(Fig. 11.1-3). The rapid development phase of the sur-
face and 850-hPa lows occurred within the exit region
of that jet and entrance region of a jet streak at the 250-
hPa level farther north and east. The building ridge
along the East Coast eliminated the confluence over
southeastern Canada as high pressure retreated eastward
across eastern Canada. The eastward movement of the
surface high allowed warmer air to advect inland along
the northeastern coastline, where rain fell rather than
snow.

An upper-level ridge appears to be anchored across
the North Atlantic to the east of Greenland and Iceland
(Fig. 11.1-3), consistent with the negative phase of the
North Atlantic Oscillation (NAO; Table 2-5, volume I).
An upper low east of Canada drifts eastward over the
North Atlantic and is located farther north and east than
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FIG. 11.1-2. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0630 UTC 17–18 Feb 1952 (surface), and
0300 UTC 17 and 18 Feb 1952 (850 hPa). Surface maps include surface high and low pressure centers and fronts. Color shading indicates
blue, snow; violet, mixed precipitation; and green, rain. Solid lines are isobars (4-hPa intervals), and dotted lines represent axes of surface
troughs not considered to be fronts. The 850-hPa analyses include contours of geopotential height (solid, at 30-m intervals; 156 � 1560 m),
isotherms (dashed, �C, 5�C intervals; blue, 0�C and less; red, 5�C and greater), and intervals of wind speed greater than 20 m s�1 (at 5
m s�1 intervals; alternating blue/white shading; red shading, 40 m s�1).
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FIG. 11.1-3. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0300 UTC 17 and 18 Oct 1952. Twelve-hourly analyses of 500-hPa geopotential height and upper-level wind include locations of
geopotential height maxima (H) or minima (L), contours of geopotential height (solid, at 60-m intervals; 522 � 5220 m), locations of 500-
hPa absolute vorticity maxima (yellow/orange/brown areas beginning at 16 � 10�5 s�1; intervals of 4 � 10�5 s�1), and 400-hPa wind speeds
exceeding 30 m s�1 (at 10 m s�1 intervals; alternate blue/white shading). Analyses of 250-hPa geopotential height and winds (rhs) include
heights (solid at 120 m intervals; 1032�10 320 m), and wind speeds exceeding 50 m s�1 (at 10 m s�1 intervals; alternate blue/white shading).
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FIG. 11.1-4. Snowfall (in.) for 16–17 Mar 1956. See Fig. 11.1-1 for details.

many of the heavy snow cases. This location may have
helped anchor the surface anticyclone in southeastern
Canada, supporting the major snowstorm that occurred
over much of central and northern New England as the
upper trough became negatively tilted along the East
Coast. Nevertheless, the large easterly fetch from the
Atlantic Ocean along the southern edge of this anticy-
clone and the more inland track of the surface and 850-
hPa low ensured that precipitation fell mostly as rain
within the northeast urban corridor.

b. 16–17 March 1956: NESIS � 2.93

Even though this snowstorm occurred more than half-
way through the 1950s it was the first powerful storm
system in that decade to affect much of the Northeast
urban corridor, producing severe blizzard conditions in
interior and eastern New England. It was followed by
a less intense snowstorm that had a greater impact on
the Northeast urban corridor on 18–19 March, described
in depth in section 10.1.

In Washington, Baltimore, and Philadelphia, most of
the precipitation fell as rain that briefly changed to snow

(Fig. 11.1-4). However, late on 16 March, rain and snow
in New York City changed to all snow and accumulated
up to 8 in. (20 cm) in parts of the city, snarling traffic.

In the Boston area, up to 10 in. (25 cm) fell in the
city and up to 15 in. (38 cm) accumulated northwest of
the city, accompanied by rapidly falling temperatures
and high winds. In New England, the rapid development
of the storm resulted in an estimated 48 deaths from
exposure, overexertion, or traffic accidents. In addition,
many ships were driven ashore or torn from their moor-
ings at the height of the storm late on 16 March and
early on 17 March.

The evolution of this storm is very similar in structure
to many of the major snow events shown in chapter 10.
Upper-level confluence is found to the rear of a short-
wave trough exiting the eastern Canadian coastline in
the precyclogentic period with a pronounced 80–90
m s�1 jet streak extending from the northeastern United
States to just off the Canadian coast (Fig. 11.1-6). The
rapid development phase of the surface cyclone oc-
curred within the right entrance region of the northern
jet and exit region of the southern jet streak (as depicted
at the 400- and 250-hPa levels), like many of the snow-
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storm described in chapter 10. The explosive deepening
of a secondary low pressure system off the middle At-
lantic coast (Fig. 11.1-5) occurred within a distinct dif-
fluent exit region of a well-defined jet streak, as a neg-
atively tilted trough moved toward the East Coast.

Several important differences between this storm and
many of the major urban corridor snowstorms include
the following: 1) the surface low in this case tracked
50 km inland across the Carolinas (Fig. 11.1-5) and 2)
a closed upper low developed south of Greenland (Fig.
11.1-6), rather than across eastern Canada, allowing the
upper-level confluence in the northeast United States to
retreat northward during the evolution of the storm. As
a result, the surface high moved from near Maine north-
eastward to eastern Canada, a position that permitted
low-level northeasterly flow along the Northeast urban
corridor to turn more easterly and pass over the ocean.
This airflow warmed the lower troposphere immediately
along the coast and within the urban corridor, out ahead
of the developing storm system. This storm track and
easterly fetch from over the ocean restricted the heaviest
snow to the region north of New York City, as rain fell
along the immediate coastline. As the storm circulation
intensified off the southeast New England coastline,
colder air wrapped around the storm center and rain
changed back to snow from New York City to northward
to Boston.

c. 12–13 March 1959: NESIS � 3.64

This is a representative example of an interior snow-
storm with inland snow and rain falling along the coast.
The storm was also the most significant storm of the
winter of 1958/59, occurring on the 71st anniversary of
the March blizzard of 1888 (see chapter 9). In New York
and New England, 44 deaths were attributed to the storm
as much of eastern New York received more than a foot
(30 cm) of snow (Fig. 11.1-7). Heavy snow changed to
rain in the urban corridor from New York City to Bos-
ton, where 4–8 in. (10–20 cm) of snow fell before the
changeover to rain. Much of New England received 1–
2 ft (30–60 cm) of snow, with lesser amounts in northern
Maine and along the southern coast of New England.
Farther south, no measurable snow fell in Washington,
while an inch (2.5 cm) of snow fell in Baltimore and
Philadelphia before changing to rain. Hurricane to near-
hurricane force winds occurred along the southeastern
New England coast as the storm developed explosively,
with 70 mi h�1 (35 m s�1) wind speeds and gusts near
100 mi h�1 (50 m s�1) reported at Provincetown, Mas-
sachusetts. In Connecticut, Massachusetts, Rhode Is-
land, New Hampshire, and Maine, thunderstorms (some
with hail) were reported with the snow and a man was
reported to have been knocked off his snowplow by
lightning.

The precyclogenetic period was not marked by con-
fluent flow and a northern jet system, as a weak high
pressure system was analyzed over New England late

on 11 March (Fig. 11.1-8). The surface low was a typical
example of ‘‘secondary development’’ and was accom-
panied by the formation of a low-level jet with wind
speeds greater than 20–30 m s�1 east and north of the
850-hPa low center (Fig. 11.1-8).

The development of the storm system is related to a
relatively complex upper trough at 500 hPa and a dis-
tinct diffluent exit region of a jet streak analyzed at
greater than 60 m s�1 at 400 hPa and greater than 80
m s�1 at 250 hPa (Fig. 11.1-9). As the trough neared
the coast, the northern portion cut off, developing a
closed low, and became negatively tilted while the sur-
face low deepened along the New England coastline.
As the upper trough associated with the developing cy-
clone approached the East Coast, the upper-level ridge
surged northward along the East Coast into New En-
gland. The storm took a more inland track passing over
southeastern Virginia before undergoing rapid deepen-
ing off the New Jersey coast on 12 March. Increasing
easterly to southeasterly flow advected warmer air to-
ward the coastline from the surface to 850 hPa north
and east of the developing storm, yielding rain rather
than snow in the major cities (Fig. 11.1-8).

d. 13–15 February 1960: NESIS � 4.17

Only 3 weeks before the major snowstorm of 2–4
March 1960 affected much of the Northeast urban cor-
ridor (see section 10.4), this storm posed an equivalent
threat for heavy snowfall in the Northeast. The precursor
setup for a major snowfall included a cold surface high
poised north of the Great Lakes and a low pressure
system developing in the Gulf of Mexico (see Fig. 11.1-
11), a classic nor’easter.

However, the storm moved more on a north-north-
eastward, rather than northeastward, track, with the
storm center hugging the coastline as it moved from the
Carolinas toward New York City on 14 February, caus-
ing the heaviest snows to fall west of the urban corridor
across western portions of Virginia, West Virginia,
Pennsylvania, and New York. Near-blizzard conditions
were reported across western Pennsylvania and New
York, with up to 2 ft (60 cm) of snow reported (Fig.
11.1-10). In New York, 17 deaths were attributed to the
storm. In New Jersey, freezing rain caused many traffic
accidents. In Connecticut, only 1 or 2 in. (2.5–5 cm) of
snow fell before a changeover to rain, although up to a
foot (30 cm) of snow fell in northwestern Connecticut.
The main impact in New England was limited to high
winds and high tides that resulted in major flooding
along the southern New England shore.

This is a case that initially had many of the precursors
of a major urban corridor snowstorm, with upper-level
confluence, a jet streak entrance region over New En-
gland, and a blocking upper-level ridge over Greenland
(Fig. 11.1-12). The cutoff upper-level ridge located near
Greenland is consistent with the highly negative NAO
that was diagnosed during this period (Table 2-5, vol-
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ume I). However, the amplification of an upper trough
over the south-central United States on 13–14 February
and a building ridge along the coastline toward south-
eastern Canada by 1200 UTC 14 February quickly elim-
inated the confluence zone and related jet streak entrance
region as the storm moved northward along the coast.

The deep upper trough extending southward into the
Gulf of Mexico resulted in a surface low developing
unusually far south over the Gulf of Mexico (Fig. 11.1-
11). As the upper trough amplified and became nega-
tively tilted south and west of the Northeast urban cor-
ridor, an upper ridge developed along the East Coast
and western Atlantic Ocean as the surface low inten-
sified rapidly along the immediate coastline. A southerly
to southeasterly low-level jet expanded and amplified
as the 850-hPa low moved northeastward along the coast
(Fig. 11.1-11). The negative tilt and amplifying ridge
weakened the confluent flow originally located across
southeastern Canada and New England. Therefore, the
surface high pressure ridge and cold air could not be
sustained and the surface low took a northerly track that
allowed warmer air to be drawn into the coastal regions
of the middle Atlantic states and much of New England,
shifting the heaviest snows well to the west of the urban
corridor.

e. 6–7 March 1962: NESIS � 2.76

This famous and infamous storm is often referred to
as either the Ash Wednesday storm or the ‘‘Great At-
lantic Storm.’’ This was one of the most damaging coast-
al storms on record in the eastern United States. Coastal
flooding affected much of the Atlantic coast for several
days, with flooding occurring over as many as five con-
secutive high tide cycles, permanently reshaping the
Virginia coastline. Damage was estimated at well over
$100 million in 1960 dollars (this would have been a
multibillion dollar storm in 2000 dollars).

The surface cyclone was a slowly deepening storm
system that covered a large portion of the western At-
lantic by 7 March (Fig. 11.1-14). This storm is a ‘‘near
miss’’ snowstorm since heavy snows occurred across
the interior of Virginia, West Virginia, Maryland, and
Pennsylvania, producing record-breaking snows, partic-
ularly in interior Virginia and northeastern West Vir-
ginia. Many of these inland areas received 30 in. (75
cm) or greater, including 42 in. (107 cm) at Big Mead-
ows, Virginia (Fig. 11.1-13). The heavy snowfall was
supported, in part, by a well-defined 30–35 m s�1 east-
erly 850-hPa low-level jet analyzed from the Atlantic
toward the Appalachian Mountains (Fig. 11.1-14), as
the storm system developed on 6–7 March. In eastern
Virginia, heavy wet snow downed numerous power and
telephone lines and crippled transportation, with some
areas losing power and heat for 4 days. Thunder and
lightning were reported with the snow in Virginia.
Heavy snow accumulations also occurred within por-
tions of the Washington, Baltimore, and Philadelphia

metropolitan areas, although heaviest snows fell west
of these cities. Little precipitation fell from New York
to Boston.

The dominance of large-scale atmospheric blocking
over much of North America contributed to the devel-
opment of this storm, marked by the presence of a large
upper cutoff ridge across Quebec, a very anomalous
pattern for early March (Fig. 11.1-15) and consistent
with very strong negative daily values of the NAO (see
Fig. 2-23 and chapter 2 of volume I). With the upper
ridge anchored in place, an upper trough and a related
jet streak system over the central United States drifted
to the southeast of the blocking ridge, and then cut off,
a process that supported a very large, slow-moving, and
slowly intensifying low pressure system covering much
of the western Atlantic by 6 March (Fig. 11.1-14). The
blocking pattern prevented the storm from turning
northward toward New England, as was predicted to
occur. High pressure anchored over northeastern Canada
provided the cold air for heavy snow in the inland areas
of the middle Atlantic states. However, the long fetch
of easterly winds along the immediate mid-Atlantic
coastline for an extended period of time caused the snow
to change to rain, sparing the coastal region a major
snowstorm.

f. 18–19 February 1964: NESIS � 2.39

This was a classic interior snowstorm marked by
snow changing to rain and then back to snow along the
coast. This storm occurred during the snowy and stormy
El Niño winter of 1963/64 (see Fig. 2-19, volume I)
and was the last of three snow-producing storms in the
northeast United States (the others occurred on 10–11
and 16–17 February). The surface low evolved from a
cyclonic circulation that nearly covered the eastern half
of the United States on 18 February (Fig. 11.1-17), with
the primary center taking a track from southern Georgia
on 1200 UTC 18 February to southern New Jersey by
19 February. Very heavy snows fell in the interior of
Pennsylvania (Fig. 11.1-16), including greater than 20
in. (50 cm) at Harrisburg, Pennsylvania, their heaviest
snowstorm of record at the time. Wet snow changed to
rain in Washington, Baltimore, and Philadelphia with
up to 6 in. (15 cm) in Baltimore, 4–8 in. (10 to 20 cm)
of snow fell in the New York City area, and more than
a foot of snow fell over northwestern New Jersey and
southeastern New York. Up to a foot (30 cm) of snow
fell in the Boston metropolitan area while much of
southern New England reported 5–10 in. (13–25 cm) of
snow. The heaviest snow fell between 0000 and 1200
UTC 19 February as the surface system intensified in
southeastern Virginia and the 850-hPa closed low and
associated 20–30 m s�1 low-level jet became focused
along the East Coast (Fig. 11.1-17).

This storm was marked by the presence of an upper
cutoff anticyclone near Iceland, consistent with the neg-
ative phase of the NAO (see Table 2-5, volume I). While
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FIG. 11.1-5. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0630 UTC 16 and 17 Mar 1956 (surface)
and 0300 UTC 16 and 17 Mar 1956 (850 hPa). See Fig. 11.1-2 for details.
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FIG. 11.1-6. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0300 UTC 16 and 17 Mar 1956. See Fig. 11.1-3 for details.
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FIG. 11.1-7. Snowfall (in.) for 12–13 Mar 1959. See Fig. 11.1-1 for details.

the negative phase of the NAO may be present in many
of the snowstorms in the urban corridor, this case shows
that the negative NAO does not guarantee that snow
will fall in the major metropolitan areas of the Northeast.

The 500-, 400-, and 250-hPa analyses (Fig. 11.1-18)
show that the precyclogenetic period was marked by a
confluent flow in the Northeast, a deep trough in the
central United States, and a double-jet structure common
to many of the major snow events immediately along
the coast (volume I, chapter 4). However, in this case,
the confluent flow was not maintained as the upper
trough and southern jet stream lifted northeastward,
west of the coastal plain. As the upper-level trough sys-
tem lifted northeastward across the Tennessee Valley
prior to reaching the East Coast, a distinct ridge built
northeastward along the East Coast, while the coastal
cyclone developed on 18 February. Although a signif-
icant closed upper low was positioned off the south-
eastern coast of Canada, the negative tilt of the storm-

producing upper-level trough and building ridge along
the East Coast weakened the upper-level confluence ini-
tially located across eastern Canada. Weak high pressure
located near New England in the precyclogenetic period
drifted eastward (Fig. 11.1-17) as the upper-level ridge
developed along the East Coast. All these features com-
bined to sustain a mild east to southeasterly low-level
flow ahead of the surface low pressure center and kept
precipitation primarily rain in the Northeast urban cor-
ridor from Washington to New York City as the snow
fell farther inland.

g. 22–24 January 1966: NESIS � 4.45

This storm occurred during a very active El Niño
period (see Fig. 2-19, volume I) dominated by several
major East Coast snowstorms and also during a period
in which the NAO was in a negative phase (see Table
2-5 and chapter 2 of volume I). During late January



C H A P T E R 1 1 669D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

FIG. 11.1-8. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 12 and 13 Mar 1959. See Fig.
11.1-2 for details.
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FIG. 11.1-9. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 12 and 13 Mar 1959. See Fig. 11.1-3 for details.

1966, a series of three snowstorms occurred, dominating
the stormy winter of 1965/66. This was the first of these
storms, a major interior snowstorm with snow, mixed
precipitation, and rain in the urban corridor. The second
snowstorm occurred a few days later, producing heavy

snows in the Southeast. The third and final storm oc-
curred on 29–31 January 1966, the ‘‘blizzard of ’66’’
(see section 10.9).

The storm evolved from a distinct pair of inverted
troughs: one in the Tennessee Valley and one along the
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FIG. 11.1-10. Snowfall (in.) for 13–15 Feb 1960. See Fig. 11.1-1 for details.

East Coast on 1200 UTC 22 January (Fig. 11.1-20). By
0000 UTC 23 January, a deepening low pressure system
moved along and slightly west of the Carolina coastline
and was located over the Delmarva Peninsula by 1200
UTC 23 January. The 850-hPa circulation also inten-
sified during this period, with a greater than 30 m s�1

low-level jet directed from the Atlantic Ocean toward
the developing precipitation shield by 0000 UTC 23
January. As the surface low intensified over the Del-
marva Peninsula, a 35� m s�1 easterly low-level jet
wrapped around the northern part of the deep 850-hPa
circulation.

With the track of the surface low slightly inland, rain
soaked the Northeast urban corridor between Washing-
ton and New York City. Coastal flooding was significant
in New York, Connecticut, and Massachusetts with tides
of 3–4 ft (90–120 cm) above normal. The storm was
considered the worst storm of the winter to date in Mas-
sachusetts with near paralysis of all transportation and

falling trees due to the heavy wet snow. More than 20
in. (50 cm) of wet snow fell across a large section of
western New York (Fig. 11.1-19), but modest winds
only produced minor drifting. Nevertheless, more than
a thousand people were marooned on the New York
Thruway in New York’s Mohawk Valley. Six fatalities
related to exposure occurred in New York as people in
stalled vehicles waited to be rescued or were seeking
shelter.

A large cutoff ridge dominated this case over Lab-
rador, with a surface high pressure cell extending across
eastern Canada. But only a weak upper trough and re-
lated upper- level confluence are noted east of the Ca-
nadian east coast (Fig. 11.1-21) in the precyclogenetic
environment. This is another typical interior snowstorm
marked by an upper trough that 1) deepens over the
central United States with a well-defined jet streak, near
the base of the trough as it develops a negative tilt well
to the south and west of the coast, and 2) begins to lift
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FIG. 11.1-11. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 13 and 14 Feb 1960. See Fig.
11.1-2 for details.
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FIG. 11.1-12. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 13 and 14 Feb 1960. See Fig. 11.1-3 for details.

northeastward across the Tennessee Valley with a rap-
idly building ridge along the Atlantic coast. As a result,
the surface low developed within the diffluent exit re-
gion of the jet streak (as depicted in the 400- and 250-
hPa analyses), located to the west of the sample of cases

that produced heavy snow along the coast. The net result
is that the surface low took a track along and to the
west of the East Coast, rather than just offshore. The
surface winds turned more easterly rather than nouth-
easterly, allowing mild air to reach the coastline, re-
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FIG. 11.1-13. Snowfall (in.) for 6–7 Mar 1962. See Fig. 11.1-1 for details.

sulting in snow changing to rain from Washington to
southern New England. The coastal track, the building
ridge along the Atlantic coastline, combined with a lack
of strong confluent upper-level flow, allowed warmer
air to advect into the lower troposphere along the im-
mediate coastline, producing the coastal rains and re-
stricting the heavy snowfall to the interior locations.

h. 3–5 March 1971: NESIS � 3.73

This storm capped off a particularly snowy winter in
northern New York and New England, but with little
snowfall recorded in the Northeast urban corridor. The
storm produced record snowfall accumulations over a
2-day period in interior New York and New England,
but only produced a brief period of snow changing to
heavy rain and then briefly back to snow in the coastal
areas. In New York, the storm was one of the heaviest
March snowstorms of record. Western, central, and
northern New York were paralyzed by 20–40 in. (50–
100 cm) of snow (Fig. 11.1-22), accompanied by winds
gusting to 40–50 mi h�1 (20–25 m s�1). The New York

Thruway was closed from eastern New York to Buffalo,
as thousands of motorists were stranded with a snow
emergency declared in over 50 counties.

The interior snowstorm was related to a complex sur-
face low that moved from Georgia to eastern North
Carolina before exploding into a major cyclone just off
the New Jersey coast before moving toward eastern New
England on 4 March (Fig. 11.1-23). The central sea level
pressure dropped to 961 hPa in eastern New England
as an intense 850-hPa circulation with winds exceeding
20 m s�1 (Fig. 11.1-23) affected the eastern third of the
United States (See also Boyle and Bosart 1986).

This is yet another example of a deep upper-level
trough that becomes negatively tilted well to the south
and west of the Northeast urban corridor, with the upper
ridge building rapidly along the East Coast and western
Atlantic (Fig. 11.1-24). The confluent flow over New
England early in the storm period quickly gave way to
rising heights as an upper ridge developed over the west-
ern Atlantic. This is also another example of a surface
low that becomes focused in the diffluent exit of a jet
streak on 3–4 March, the axis of which is farther west
extending from Georgia up the Appalachian Mountains
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FIG. 11.1-14. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 6 and 7 Mar 1962. See Fig.
11.1-2 for details.
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FIG. 11.1-15. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 6 and 7 Mar 1962. See Fig. 11.1-3 for details.
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FIG. 11.1-16. Snowfall (in.) for 18–20 Feb 1964. See Fig. 11.1-1 for details.

at 0000 UTC 4 March (Fig. 11.1-24). The surface low
responds by hugging the coastline, heading on a more
northerly track, as the upper trough attains a negative
tilt and the low-level flow of warmer air above 0�C is
directed from the south and east well inland of the coast-
line. Rain fell throughout the Northeast urban corridor,
with massive amounts of snow falling inland as the
upper trough evolved into a negatively tilted cutoff low
over the northeast United States.

i. 25–27 November 1971: NESIS � 2.33

Record November snowfall occurred throughout
northeastern Pennsylvania, the Catskill Mountains, and
the upper Hudson Valley of New York into central and
northern New England on Thanksgiving Day 1971, crip-
pling surface transportation and stranding holiday trav-
elers throughout the inland portions of the Northeast.
More than 20 in. (50 cm) of snow fell in a large area
of northeastern Pennsylvania and eastern New York
(Fig. 11.1-25), although winds were not strong enough
in the heavy snow area to cause significant drifting. One
report in Storm Data noted the extremely narrow tran-

sitional zone between snow and rain over southwestern
Maine, southern Vermont, eastern Massachusetts, and
northern Rhode Island (also see volume I, chapter 6).
Rain fell from Washington to Boston with the heavy
snowfall area located only 30–50 mi (50–90 km) inland.

As in other inland cases, this storm evolved from
several distinct inverted troughs west and east of the
Appalachian Mountains into one center by 0000 UTC
25 November, located just west of the Virginia and
North Carolina coastline (Fig. 11.1-26). The surface low
continued its more inland track through the morning of
25 November, emerging over the Atlantic near the Del-
aware and New Jersey coastlines. During this period the
surface low underwent an explosive development phase
with the tight circulation and rapid development of a
25–30 m s�1 easterly low-level jet streak evident from
the surface up to the 850-hPa level by 1200 UTC 25
November, centered near the New Jersey coast, during
the period of heaviest snowfall in northern Pennsylva-
nia.

While the upper-level jet streak located in the central
United States on 24 November was not as intense as
some of the other interior snowstorms, the trough am-
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FIG. 11.1-17. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 18 and 19 Feb
1964. See Fig. 11.1-2 for details.
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FIG. 11.1-18. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 18 and 19 Feb 1964. See Fig. 11.1-3 for details.

plified in the 12-h period ending at 1200 UTC 25 No-
vember with increasing vorticity advections (Fig. 11.1-
27). The upper trough over eastern Canada and the con-
fluent flow located immediately upstream, which is as-
sociated with the surface high pressure center over

Maine early in the storm period, propagated rapidly east-
ward. The strong surface high over northern New En-
gland also moved eastward out over the western Atlantic
Ocean (Fig. 11.1-26). Even though the trough nearing
the East Coast was not highly amplified, it became neg-



680 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 11.1-19. Snowfall (in.) for 23–24 Jan 1966. See Fig. 11.1-1 for details.

atively tilted over the Tennessee Valley well to the south
and west of the urban corridor, resulting in the surface
low tracking close and to the west of the coastline. As
a result, easterly low-level flow and strong warm-air
advection resulted in rain along the immediate coastline,
with heavy snows falling farther west, just west and
north of the major metropolitan centers.

j. 16–18 January 1978: NESIS � 4.10

A series of three back-to-back-to-back Northeast
storms brought record snowfall accumulations during
January 1978 from Pennsylvania to New England.
These storms occurred during a winter characterized by
moderate El Niño conditions (Fig. 2-19, volume I) and
a generally negative phase of the NAO (Fig. 2-20), al-
though this storm occurred during a period when daily
values of the NAO were positive (Table 2-5, volume I).

The first storm on 11–15 January produced locally
heavy snow in Pennsylvania and New York and a severe
ice storm in coastal New York and New England (see
section 11.3). The 16–18 January case was the second

event and forecasters had feared that this storm would
produce heavy snow in the urban corridor. But, snow
changed to rain and the heaviest snows fell west of the
coastal plain in interior Pennsylvania, New York, and
New England (Fig. 11.1-28). Following this storm, the
roof of the Hartford, Connecticut, Civic Center Coli-
seum collapsed under the weight of snow, ice, and water
only 6 h after a crowd of 5000 was inside. The third of
the three events occurred on 19–20 January and was a
major urban corridor snowstorm (see section 10.16).

The surface low developed in the Gulf coastal region
on 17 January with two distinct inverted troughs ex-
tending northeastward west and east of the Appalachian
Mountains. The storm then evolved into a broad low
pressure system moving slowly northeastward just west
of the coastline, located off of New Jersey and Long
Island by 1200 UTC 18 January. The more inland track
of the surface low and broad 850-hPa cyclonic circu-
lation (Fig. 11.1-29) ensured that snow changed to rain
from Washington to southern New England, despite the
existence of a strong and cold anticyclone extending
into New England in the precyclogenetic period on 17
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FIG. 11.1-20. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 22 and 23 Jan 1966. See Fig.
11.1-2 for details.



682 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 11.1-21. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 22 and 23 Jan 1966. See Fig. 11.1-3 for details.

January, although the anticyclone drifted east of New
England by 0000 UTC 18 January.

At 500, 400, and 250 hPa (Fig. 11.1-30), the pre-
cyclogenetic period was marked by strong confluent
flow and a distinct jet streak entrance region extending

eastward from New York to New England on 1200 UTC
17 January. The southern trough–jet streak is rather
modest compared to other cases presented in this mono-
graph. Nevertheless, this trough developed a negative
tilt over the southeast United States by 0000 UTC 18
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FIG. 11.1-22. Snowfall (in.) for 3–5 Mar 1971. See Fig. 11.1-1 for details.

January. As the trough assumed a negative tilt, a ridge
developed rapidly along the East Coast. The upper-level
confluence and an embedded jet streak (and related
strong surface high pressure system to the north of New
England early in the period) shifted rapidly east-north-
eastward since the flow over eastern Canada was not
blocked and no cutoff or strong upper-level trough ex-
isted. The net result was rapid eastward progression of
the surface high pressure system, allowing warmer air
to move into the coastal areas. In addition, the surface
low took a more inland track before emerging at the
coast over New Jersey, with a classic snow-to-rain sit-
uation developing within the Northeast urban corridor.

k. 28–29 March 1984: NESIS � 1.86

This early spring snowstorm was associated with a
historic intense outbreak of tornadoes across the south-
east United States in association with an intense me-
soscale cyclone (documented by Gyakum and Barker
1988; Kuo et al. 1995; Gyakum et al. 1995; Mesinger
et al. 1993; Kocin et al. 1986). The larger-scale circu-

lation and related synoptic-scale surface low pressure
system produced a snowstorm across interior portions
of Pennsylvania, New York, and New England (Fig.
11.1-31); a microburst in Massachusetts; high winds and
coastal flooding throughout the Northeast; and record
low pressures along the middle Atlantic coast.

This was a massive storm system that involved a cy-
clonic circulation over the entire eastern half of the Unit-
ed States by 1200 UTC 28 March (Fig. 11.1-32). Em-
bedded within this slow-moving system was a primary
low moving up into the Tennessee Valley on 28 March
and the explosive development of a separate mesoscale
surface low in Mississippi and Alabama that traveled
northeastward to South Carolina by 0000 UTC 29
March. This separate low was associated with the con-
vective outbreak across the Southeast late on 28 March,
which then continued to deepen rapidly along the East
Coast on 29 March. The broad 850-hPa circulation in-
tensified along the East Coast with a greater than 45 m
s�1 low-level jet developing north of the low centered
by 1200 UTC 29 March (Fig. 11.1-32).

This storm system combined elements typical of both
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FIG. 11.1-23. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 3 and 4 Mar 1971. See Fig.
11.1-2 for details.
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FIG. 11.1-24. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 3 and 4 Mar 1971. See Fig. 11.1-3 for details.

spring and winter. The development of a slow, cutoff
weather system extending over the eastern half of the
country is more typical of spring. The large-scale pattern
also resembles one conducive to major snowstorms. A

slow-moving cutoff low was located over eastern Can-
ada during a negative phase of the NAO and a strong
confluent jet flow was evident in the precyclogenetic
period over the Great Lakes (Fig. 11.1-33), providing
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FIG. 11.1-25. Snowfall (in.) for 25–26 Nov 1971. See Fig. 11.1-1 for details.

support for cold high pressure to the north of New En-
gland. A vigorous upper trough located over the central
United States marked by a well-defined jet streak and
diffluent exit region was located over the southern Unit-
ed States and provided ample support for the developing
low pressure system over the southeast. The baroclinic
support for the storm was reinforced by very warm air
across the southern United States [the temperature peak-
ed at 106�F (41�C) at Brownsville, Texas, on 27
March—an early season heat record], a factor that sup-
ported the outbreak of severe weather in the southeast.

As the southern trough amplified and developed a
neutral to negative tilt at 0000 UTC 29 March, and the
exit region of the southern jet approached the East
Coast, the surface low took an inland path from the
eastern Carolinas to the Delmarva Peninsula, allowing
a tremendous fetch of easterly flow into the Northeast
urban corridor. This track, combined with a surface high
pressure system receding well into Canada, and the long
easterly fetch north of the storm center, produced more
of a rain situation for the coastal domain with the heavier
snow falling farther inland. The surface low then tracked
eastward over the Atlantic, rather than up along the

coastline, allowing snow to fall across southern New
England and changing the rain back to snow in the
middle Atlantic states as the storm passed out to sea.

l. 1–2 January 1987: NESIS � 2.26

During the stormy winter of 1986/87, a winter marked
by moderate El Niño conditions (Fig. 2-19, volume I),
a negative period of the North Atlantic Oscillation (Ta-
ble 2-5, volume I), and several major urban corridor
snowstorms (see chapters 10.21, 10.22, and 10.23), the
New Year was greeted by a major coastal storm that
left rain along the immediate coast from Virginia to
Long Island and a mix of rain and snow for much of
the urban corridor. Significant snowfall occurred across
interior northern New Jersey to southeastern New En-
gland (Fig. 11.1-34). Farther inland, heavy snows of
10–20 in. (25–50 cm) fell from the highlands of West
Virginia into central Pennsylvania, much of interior
New York, and eastern New England.

This storm was associated with an intense surface
cyclone that tracked immediately along the coastline
from Georgia to North Carolina on 1 January before
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FIG. 11.1-26. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 24 and 25 Nov 1971. See Fig.
11.1-2 for details.
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FIG. 11.1-27. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 24 and 25 Nov 1971. See Fig. 11.1-3 for details.

moving east-northeastward on 2 January (Fig. 11.1-35).
A cold surface high pressure system located over Maine
at 1200 UTC 1 January quickly moved east as the in-
tensifying surface low moved up the coast. The inten-
sifying easterly flow extended up to 850 hPa (Fig. 11.1-

35) as the storm intensified along the Carolina coast,
providing enough warm air in the lower troposphere to
ensure a changeover to rain from Washington to south-
ern New England.

The upper levels (Fig. 11.1-36) were marked by a
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FIG. 11.1-28. Snowfall (in.) for 16–17 Jan 1978. See Fig. 11.1-1 for details.

confluent flow pattern over the Great Lakes in the pre-
cyclogenetic period that quickly receded northeastward
to southeastern Canada as the storm developed along
the East Coast. The lack of upper-level confluence over
the northeastern United States and southeastern Canada
during the evolution of the storm allowed the high pres-
sure originally over Miami to drift east-northeastward
and weaken. The dominant feature at 500 hPa in this
case was the amplifying trough over the central United
States that closed off well west of the Appalachian
Mountains by 0000 UTC 2 January. The combination
of a jet streak near the base of the southern trough on
2 January, with a well-defined, diffluent exit region,
provide support for the rapid development of the surface
low immediately along the coastline. The strong ridging
developing along the Northeast coast ahead of the
trough and the northeastward displacement of the con-
fluence over southeastern Canada supported a strong
easterly fetch out ahead of the storm system allowing
warmer air to penetrate the immediate coastline. The
net result was rain, rather than snow, in the urban cor-
ridor as the storm moved northeastward along the coast-
line.

m. 11–12 December 1992: NESIS � 3.10

Prior to the 12–14 March 1993 ‘‘Superstorm’’ (see
chapter 10.24), this early season storm made headlines
as the ‘‘Storm of the Century’’ in the local media since
it brought severe coastal flooding and hurricane force
wind gusts from Massachusetts to New Jersey. In Mas-
sachusetts, coastal flooding was not as severe as during
the Blizzard of 1978 (chapter 10.17) or during the ‘‘Hal-
loween Gale’’ or ‘‘Perfect Storm’’ of 1991, but coastal
flooding in New York City and New Jersey led to pres-
idential disaster declarations. The storm also produced
some exceptionally heavy snowfall amounts of up to 4
ft (120 cm) across elevated portions of interior New
York and the Berkshires in Massachusetts (Fig. 11.1-
37), with the heavy, wet snow leading to power outages
for thousands of people in those areas. In addition,
heavy wet snow fell across western Pennsylvania, Mary-
land, northeastern West Virginia, and the Blue Ridge
Mountains of Virginia, with accumulations in excess of
40 in. (100 cm) in the highlands of southwestern Penn-
sylvania and western Maryland, setting records that
would be broken in some areas by the March 1993
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FIG. 11.1-29. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 17 and 18 Jan 1978. See Fig.
11.1-2 for details.



C H A P T E R 1 1 691D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

FIG. 11.1-30. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 17 and 18 Jan 1978. See Fig. 11.1-3 for details.

Superstorm (see chapter 10.24). In the heavily populated
urban corridor, precipitation began as snow in the Wash-
ington–Baltimore corridor, which quickly changed to
rain, and began as rain in the major cities farther north-

eastward. However, as the storm moved slowly north-
eastward over the western Atlantic, colder air began to
funnel into southern New England and New York,
changing the rain back to snow in Boston. Nearly 10
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FIG. 11.1-31. Snowfall (in.) for 28–29 Mar 1984. See Fig. 11.1-1 for details.

in. (25 cm) of snow fell in the Boston metropolitan area,
but much more snow fell in the western suburbs, in-
cluding more than 30 in. (75 cm) at Worcester, Mas-
sachusetts. Up to 10 in. (25 cm) of snow fell in the
northern suburbs of New York City.

The precyclogenetic environment was marked by a
strong cold high pressure system centered over Maine
at 1200 UTC 10 December (Fig. 11.1-38). The storm
evolved from a primary low pressure system moving
southeastward from the northern Midwest and a slow-
moving secondary low pressure system that tracked
northward along an inverted trough, just inland of the
coastline. By 1200 UTC 11 December, an intense cy-
clone was located over the Delmarva Peninsula, with a
strong easterly fetch north of the storm center marked
by hurricane force surface winds. The strong and ex-
panding cyclonic circulation extended up beyond the
850-hPa level, where an easterly low-level jet north of
the intensifying low exceeded 40� m s�1 by 1200 UTC
12 December (Fig. 11.1-38).

This case was marked by a highly amplified trough
(and well-defined jet streak) that became negatively tilt-
ed in the Southeast, without the presence of an upper

confluent pattern and 500-hPa cutoff low over eastern
Canada (Fig. 11.1-39). The amplification of the southern
trough and ridging extending northward along the At-
lantic coast to central New England was part of a well-
defined blocking pattern that slowed the forward move-
ment of the storm system and maintained the strong cell
of high pressure north of New England. These factors
generated the persistent, strong easterly flow along the
Northeast coast that not only produced the excessive
flooding but also favored rainfall rather than snow in
the Northeast urban corridor, especially as the center of
the surface high drifted to the northeast of Maine. As
the cutoff low passed south of New England, temper-
atures fell aloft and rain changed back to snow
throughout southern New England and southeastern
New York.

n. 3–4 January 1994: NESIS � 2.87

This multifaceted storm contained several interesting
mesoscale phenomena (see volume I, chapter 6), in-
cluding 1) a precursor surface low that produced mod-
erate snow amounts over coastal New England; 2) some
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FIG. 11.1-32. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 28 and 29 Mar 1984. See Fig.
11.1-2 for details.
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FIG. 11.1-33. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 28 and 29 Mar 1984. See Fig. 11.1-3 for details.

of the greatest 1-hourly snowfall rates observed in recent
years, with reports of 6-in. (15 cm) hourly snowfall rates
at locations in West Virginia, western Pennsylvania, and
western New York; and 3) a significant gravity wave

event that affected the precipitation distribution and
rates [see volume I, chapter 6; Bosart et al. (1998)].

The band of heaviest snows fell from West Virginia
into western Pennsylvania and western New York with
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FIG. 11.1-34. Snowfall (in.) for 1–2 Jan 1987. See Fig. 11.1-1 for details.

a large area of 2-ft (60 cm) snows in southwestern Penn-
sylvania and 33 in. (83 cm) at Waynesboro, Pennsyl-
vania (Fig. 11.1-40). As an example of the intense snow-
fall rates associated with the storm, Syracuse, New York,
reported 10 in. (25 cm) of snow in only 2 h. The storm
closed the Pennsylvania Turnpike, numerous roofs col-
lapsed, and a state of emergency was declared through-
out southwestern Pennsylvania. In West Virginia, the
large snowfall rates contributed to the uprooting of thou-
sands of trees because the heavy snows followed a sig-
nificant rainfall. Up to 10 in. (25 cm) of snow fell in
the Boston metropolitan area, but mostly rain fell from
New York City to Washington.

While the storm was anything but typical, it did have
some signatures typical of interior snowstorms, includ-
ing the extension of two inverted troughs west and east
of the Appalachian Mountains in the precyclogenetic
period, as a strong, cold anticyclone over New England
receded north and east (Fig. 11.1-41). The surface low
developed over Virginia on 4 January, well west of the
coast within a cyclonic circulation pattern that extended

over the eastern third of the country. A deep upper
trough extended to the Gulf coast and became negatively
tilted south and west of the Northeast urban corridor,
allowing strong upper ridging along the western Atlantic
and East Coast (Fig. 11.1-42). As a result, a strong upper
confluent flow over New England and southeastern Can-
ada moved northeastward, as did a strong surface high
pressure system initially located just north of New En-
gland, allowing milder oceanic-modified air to penetrate
the immediate coastline. Therefore, the Northeast urban
corridor experienced mostly rain in spite of the existence
of a distinct confluent entrance region of an upper-level
jet streak in northern New England and southeastern
Canada at 1200 UTC 4 January (Fig. 11.1-42) and a
notable dual-jet pattern that have marked many of the
snowstorm cases in chapter 10.

o. 2–4 March 1994: NESIS � 3.46

During one of the stormiest winters since the late
1970s, one characterized by a weak El Niño (Fig. 2-19,
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FIG. 11.1-35. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 1 and 2 Jan 1987. See Fig.
11.1-2 for details.

volume I) and positive phase of the NAO (see Table 2-
5, volume I), this storm produced snow changing to rain
or ice pellets across much of the Northeast urban cor-
ridor and a band of greater than 25-in. (60-cm) snow

accumulations from Pennsylvania into central New York
(Fig. 11.1-43). State College, Pennsylvania, recorded a
new 24-h snowfall record with 26.1 in. (63 cm) and a
storm total of 28 in. (68 cm). Many roads were closed
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FIG. 11.1-36. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 1 and 2 Jan 1987. See Fig. 11.1-3 for details.

in central Pennsylvania and snowdrifts stranded nu-
merous motorists. Before snow changed to rain and/or
sleet in the urban corridor, 3–6 in. (8–16 cm) of snow
fell from Washington to New York City with up to 8
in. (20 cm) recorded in Boston. Gale force winds pro-

duced coastal flooding from Virginia northward to
southern New England.

This storm was another typical interior snowstorm,
with the surface low moving from the northern Gulf of
Mexico and following an inland path across eastern
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FIG. 11.1-37. Snowfall (in.) for 10–12 Dec 1992. See Fig. 11.1-1 for details.

North Carolina toward the Delmarva Peninsula (Fig.
11.1-44). On 3 March, rapid cyclogenesis commenced
along the Virginia coastline as a cold anticyclone (orig-
inally located over New England) shifted rapidly east-
ward. The intense pressure gradient between this high
and the rapidly developing cyclone produced a long
easterly fetch directed toward the New Jersey and New
England coastlines, with strong winds producing coastal
flooding. The strong circulation is also reflected by the
rapid deepening 850-hPa low, with greater than 30 m s�1

easterly winds developing north of the circulation center
at 0000 UTC 2 March, directed toward the area of heavy
rain along the coast and heavy snowfall in the inland
areas of Pennsylvania and New York.

This storm system, like other interior storms, was
associated with a deep trough, first amplifying into the
south-central United States on 2 March and then lifting
northeastward as it neared the East Coast, while the

upper-level ridge amplified along the Atlantic coast
toward New England (Fig. 11.1-45). The confluent
500-hPa trough initially located over southeastern Can-
ada moved rapidly eastward as the ridge built north-
ward toward New England allowing the surface high
pressure and upper-level confluence to drift northeast-
ward over the Canadian Maritime Provinces during the
evolution of the storm. Thus, despite a well-defined
double-jet pattern, the shifting of the confluence zone
toward the north and east depleted the support for a
cold surface high to lock in over the northeast. This,
combined with the southern trough digging too far
south and too far to the west of the coast, forced the
surface low to track to the west of and immediately
along the East Coast. This track plus the strong east
and southeasterly flow warmed the lower troposphere
throughout the urban corridor, changing the snow over
to heavy rain.
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FIG. 11.1-38. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 10 and 11 Dec 1992. See Fig.
11.1-2 for details.
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FIG. 11.1-39. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 10 and 11 Dec 1992. See Fig. 11.1-3 for details.
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FIG. 11.1-40. Snowfall (in.) for 2–4 Jan 1994. See Fig. 11.1-1 for details.

2. Moderate snowstorms

Fifteen ‘‘moderate’’ snowstorms are described in this
section. These are snowstorms marked by snowfall
amounts that average 4–10 in. (10–25 cm) and contain
relatively small areas of heavier snowfall [10–20 in.
(25–50 cm)] when compared to the heavy snow cases
in chapter 10. The NESIS values [see volume I, chapter
8.4; also Kocin and Uccellini (2004c)] for these storms
range between 1.2 and 4.85, with an average around
2.2. The majority of storms score between 1 and 2 with
the larger values typically including snowfall outside
the Northeast. These values are much smaller than those
of the major snowstorms in chapter 10 and smaller than
most interior snowstorms as well, reflecting both smaller
areas of heavier snowfall and the smaller populations
affected by only moderate to heavy snowfall.

The surface cyclones in this sample tend to be much
weaker than their heavy snow counterparts in chapter
10 and are associated with upper-level troughs with
smaller amplitudes (see Fig. 5-19, volume I). However,
the consistent appearance of upper-level confluence,

with its associated upper-level jet streaks and the surface
anticyclone in the northern United States and south-
eastern Canada, is similar to the 32 heavy snow cases
(chapter 10), although some of the surface anticyclones
have lower pressures than their heavy snow counter-
parts. In any event, the direct circulation in the entrance
region of these confluent jet systems seems to provide
the support for these moderate snow events. The lack
of an amplifying upper-level trough in the south-central
United States appears to be an important factor in lim-
iting the potential of several of these snowstorms to
grow into major snow producers over large areas. In a
number of cases, there may be multiple upper troughs
that fail to merge or phase together, resulting in either
separate moderate snow events or one event that fails
to develop heavy snowfall rates. In some cases, the fast-
er speeds of these weather systems were another reason
for limited snowfall amounts, while in other cases a
mixture of freezing rain and sleet acted to limit the final
snowfall accumulations. The net effect is to either limit
the areal extent of these snowstorms, the maximum
snow that is produced, or both.
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FIG. 11.1-41. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 3 and 4 Jan 1994. See Fig.
11.1-2 for details.
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FIG. 11.1-42. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 3 and 4 Jan 1994. See Fig. 11.1-3 for details.

Another interesting aspect of many of these cases is
that the velocity of some of the wind maxima of the jet
streaks involved with these storms appear to be less than
those of the heavy snow cases. The along-stream wind

variation in the exit region of the southern jet and/or
the entrance region of the northern jet is also less dis-
tinct. The lack of well-defined exit and entrance regions
acts to diminish the vertical ascent patterns associated
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FIG. 11.1-43. Snowfall (in.) for 2–4 Jan 1994. See Fig. 11.1-1 for details.

with the jet streaks and is also a likely factor in pre-
venting these storm systems from not fully developing
until they pass well east of the populated Northeast ur-
ban corridor.

a. 4–5 December 1957: NESIS � 1.32

The first significant snowfall of the snowy winter of
1957/58, characterized by a strong El Niño and a neg-
ative phase of the North Atlantic Oscillation (NAO) was
an early season snowstorm that produced mostly mod-
erate snows of 6–10 in. (15–25 cm) (Fig. 11.2-1). It
also produced a narrow band of snowfall accumulations
of 10–15 in. (25–38 cm) across the Northeast urban
corridor from northern Virginia and Washington, to the
New York City metropolitan area. Up to 14 in. (35 cm)
of snow fell in Loudoun County in northern Virginia.
In Pennsylvania, snow drifted to 6 feet (180 cm) in
places and a dozen deaths were attributed to overex-
ertion. In north-central Maryland, the snow was de-
scribed as the heaviest in more than a decade and thou-

sands of motorists were stranded on blocked highways.
In Baltimore, telephone lines were reported to be the
busiest on record as hotels filled with stranded travelers.

The snowstorm of 4–5 December 1957 may be con-
sidered a smaller version of the major snowstorms high-
lighted in chapters 3 and 4 in volume I, and chapter 10.
The precyclogenetic environment was marked by a cold
high pressure ridge extending eastward from the Great
Lakes (Fig. 11.2-2). A primary low moved eastward
into Kentucky on 4 December, with a secondary cyclone
developing off the Virginia coast, supported by the con-
current rapid deepening and expansion of the 850-hPa
low off the Delmarva Peninsula between 1200 UTC 4
December and 0000 UTC 5 December (Fig.11.2-2). The
rapid speed of the system as it redeveloped along the
East Coast likely spared the region from heavier total
snowfall. The subsequent eastward propagation of the
surface low off the Virginia coast kept the heaviest
snows south of New England.

Upper-level conditions are very similar to many of
the heavy-snow-producing storms shown in chapter 4
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FIG. 11.1-44. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 2 and 3 Mar 1994. See Fig.
11.1-2 for details.



706 VOL. 32, NO. 54M E T E O R O L O G I C A L M O N O G R A P H S

FIG. 11.1-45. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 2 and 3 Mar 1994. See Fig. 11.1-3 for details.

of volume I (Fig. 11.2-3). A slow-moving upper closed
low off Labrador in eastern Canada at 500 hPa is located
upwind of a broad area of confluence covering much of
eastern Canada. While this pattern is similar to many
other cases of heavy snowfall, only weak surface high

pressure is found beneath the confluent upper-level jet
streak extending east off the New England coast at 0000
UTC 4 December (Fig. 11.2-2). Meanwhile, a moderate-
amplitude upper-level short-wave trough associated
with the surface cyclogenesis moved eastward from the



C H A P T E R 1 1 707D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

FIG. 11.2-1. Snowfall (in.) for 3–5 Dec 1957. See Fig. 11.1-1 for details.

Ohio Valley and amplified along the East Coast and
became negatively tilted off the coast. This evolution
supported the rapid eastward propagation of the surface
low from the Ohio Valley to off the Virginia coast by
1200 UTC 4 December. Once offshore, the surface low
deepened rapidly, while a classic dual-jet pattern be-
came most evident at 400 and 250 hPa by 0000 UTC
5 December (Fig. 11.2-3). All of these factors came
together too far east to support an evolution of this
moderate snow event to an even more significant storm
for the Northeast urban corridor.

b. 23–25 December 1961: NESIS � 1.37

This storm was responsible for a widespread area of
6–10 in. (15–25 cm) of snow from eastern Pennsylvania
to coastal New England (Fig. 11.2-4). Snowfall was
particularly heavy in eastern Massachusetts, where re-
ports of 10–20 in. (25–50 cm) of snow were common
and the heaviest amounts were found in the northeastern
sections of Massachusetts and southeastern New Hamp-
shire. Hundreds of cars were stranded between Boston
and Worcester with police rescues a common occur-

rence. Over much of the Northeast urban corridor, snow
combined with freezing rain, lessening total snowfall
accumulations. Nevertheless, the combination produced
a very treacherous Christmas for the Northeast.

This snowstorm developed in a pattern conducive to
Northeast snowfall marked by a negative phase of the
NAO, with the presence of a large 500-hPa cutoff low
over eastern Canada to the south of a cutoff upper-level
high over southern Greenland (Fig. 11.2-6), and during
a period when the El Niño–Southern Oscillation
(ENSO) was near neutral (neither El Niño nor La Niña).
A surface low consolidated off the mid-Atlantic and
intensified from 1000 to 985 hPa on 24 December (Fig.
11.2-5), moving more slowly toward the New England
coast than many other significant Northeast snowstorms.
The sea level pressure gradients north of the storm cen-
ter were relatively weak for this case since high pressure
was anchored north of Minnesota and pressures re-
mained low over the northeast United States. It was not
until the storm deepened more rapidly after 1200 UTC
24 December that pressure gradients increased over New
England, combining with heavier snowfall rates to cre-
ate a more serious snow event for that region.
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FIG. 11.2-2. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 4 and 5 Dec 1957. See Fig.
11.1-2 for details.
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FIG. 11.2-3. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 4 and 5 Dec 1957. See Fig. 11.1-3 for details.

This storm was associated with an upper-air pattern
conducive to heavy snowfall. This pattern includes a
confluent, jet streak entrance region at 400 hPa over
New England during the precyclogenetic period and a
distinct closed low and associated jet streak moving

from the Ohio Valley to the New Jersey coast by 0000
UTC 25 December (Fig. 11.2-6). Nevertheless, the
snow amounts remained in the moderate range
throughout the mid-Atlantic region, related perhaps to
1) the slow evolution the 850-hPa circulation with rel-
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FIG. 11.2-4. Snowfall (in.) for 23–25 Dec 1961. See Fig. 11.1-1 for details.

ativity weaker temperature gradients and associated
temperature advection patterns up to 1200 UTC 24
December (Fig. 11.2-5), and 2) the relatively weak
along-stream wind gradients at the jet levels along the
East Coast on 24 December. Both of these factors be-
came more distinct by 0000 UTC 25 December, which
likely accounted for the heavier snowfall in New En-
gland. Nevertheless, the delay in all of these factors
coming together until after the storm moved through
the Washington to New York City area kept this as a
more moderate snowstorm for the Northeast urban cor-
ridor.

c. 14–15 February 1962: NESIS � 1.59

The Valentine’s Day Snowstorm of 1962, although
more limited in areal extent than most of the Northeast
snowstorms covered in this monograph, was particularly
severe across southern and central New England and
was one of the greatest snowstorms on record for Rhode
Island. Heaviest snows of greater than 20 in. (50 cm)

affected several counties in Massachusetts (Fig. 11.2-
7), where drifts of 3–5 feet (90–150 cm) were generated
by gale force winds. In Boston, Logan International
Airport was closed for 24 h and seven deaths were
blamed on overexertion. Up to 2 feet (60 cm) of snow
fell in the Catskill Mountains of New York and 15–25
in. (40–60 cm) fell across Rhode Island, resulting in
either the second or third greatest February snowfalls
of the century in Rhode Island to that point.

This New England snowstorm developed consistently
with secondary development, as described in volume I,
chapter 3. However, the paths of both the primary and
secondary lows are different than the paths shown in
Fig. 3-5 (volume I). The primary low moved along a
northeastward track into the Great Lakes region, farther
north than any case shown in Fig. 3-5. The secondary
surface low developed south of New England and drift-
ed slowly eastward (Fig. 11.2-8). The more northern
location of the storm track for the primary low and the
area in which the secondary low developed acted to
constrict the area of heavy snowfall to eastern New York
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FIG. 11.2-5. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 24 and 25 Dec 1961. See Fig.
11.1-2 for details.
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FIG. 11.2-6. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 24 and 25 Dec 1961. See Fig. 11.1-3 for details.

and central and southern New England, keeping the mid-
Atlantic clear of any snowfall for this case. The initial
rapid development of the secondary cyclone occurred
well east of the New Jersey coast early on 15 February,
with the central pressure of the low dropping 12 hPa in

12 h, but deepened at a slow pace later on 15 February.
This rapid intensification before 1200 UTC 15 February
is also reflected by the development of the intense 850-
hPa vortex southeast of Long Island and the strength-
ening easterly flow (exceeding 20 m s�1) north of the
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FIG. 11.2-7. Snowfall (in.) for 14–15 Feb 1962. See Fig. 11.1-1 for details.

center that was directed toward the area of heaviest
snowfall in southern New England at 1200 UTC 15
February.

The upper levels show an unusual 500-hPa pattern
(Fig. 11.1-9) with a low-amplitude, slow-moving neg-
atively tilted trough crossing New England on 15 Feb-
ruary, while a very large upper ridge covered the North
Atlantic south of Greenland, impeding the trough’s east-
ward movement. This contributed to the long duration
of snowfall in New England, resulting in the heavy snow
amounts. Another interesting factor is the unusual ori-
entation of a northern jet system and related confluent
flow over Duebec and Labrador, especially at 0000 UTC
15 February. The surface low appeared to redevelop
rapidly within the diffluent exit region of a jet streak
east of New Jersey between 0000 and 1200 UTC 15
February, with the surface low then becoming vertically
aligned with the deepening trough by 1200 UTC 15
February.

d. 22–24 December 1963: NESIS � 3.17
This storm developed on 22 December near the Gulf

coast states with an inverted trough extending northward

into the southern Ohio Valley, producing record-setting
snow in Arkansas, Mississippi, and Tennessee. Up to
18 in. (46 cm) of snow fell in northern Mississippi, and
14 in. (35 cm) fell at Memphis, Tennessee, followed
by�13�F (�24�C) temperatures. As the storm redevel-
oped along the East Coast on 23 December, heavy snows
fell across western Virginia, where 10–16 in. (25–40
cm) fell. But snowfall amounts diminished farther north-
eastward where only 6–10 in. (15–25 cm) of snow (or
less) fell from Washington to southern New England
(Fig. 11.2-10). Nonetheless, the storm disrupted traffic
and canceled many airline flights from Washington to
New York City. The relatively high NESIS value of 3.17
reflects the inclusion of the heavy snowfall in the south-
ern states.

This is an example where a major snow producer over
the lower Mississippi Valley weakened as the system
moved toward the East Coast. The surface low devel-
oped in the northeastern Gulf of Mexico with a pool of
very cold air located to its north (Fig. 11.2-11). As the
storm moved northeastward along the Atlantic coast,
the surface low deepened only slightly on 23 December
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FIG. 11.2-8. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 14 and 15 Feb 1962. See Fig.
11.1-2 for details.
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FIG. 11.2-9. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 14 and 15 Feb 1962. See Fig. 11.1-3 for details.

and took on the appearance of an inverted trough along
the East Coast (rather than a distinct low pressure center)
as the surface high over New England drifted eastward.
This same weakening track is reflected in the 850-hPa
analyses, where a distinct closed circulation centered in

Arkansas at 0000 UTC 23 December and a temperature
advection pattern that would seem to support continued
development devolved into an elongated and weakening
system along the East Coast on 24 December.

The weakening of this storm occurred as a deep up-
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FIG. 11.2-10. Snowfall (in.) for 23–24 Dec 1963. See Fig. 11.1-1 for details.

per-level trough over the central United States on 23
December appeared to ‘‘shear’’ northeastward as the
trough took on a ‘‘positive’’ tilt by 0000 UTC 24 De-
cember (Fig. 11.2-12). In addition, while plenty of cold
air was entrenched across much of the eastern United
States, large-scale confluence is largely lacking over
eastern Canada without the presence of a strong upper
trough over eastern Canada. As a result, the surface high
over the Northeast weakened as it moved to the east
and temperatures rose to near freezing along the im-
mediate coastline with heavy snow in the New York
City area and Long Island turning to freezing drizzle
before ending.

Another factor in the storm’s weakening along the
East Coast on 24 December is the nature of the upper-
level jet streaks. A well-defined and diffluent exit region
of the southern jet is analyzed at the 400-hPa level as
the storm developed along the Gulf coast at 0000 and
1200 UTC 23 December (Fig. 11.2-12). But, as the up-
per-level trough sheared and developed a more positive
tilt by 0000 UTC 24 December, the along-stream wind
variation became more diffuse within the complex jet

streak pattern, evident at both 400 and 250 hPa. As a
result of the weakening of upper-level support mecha-
nisms, the surface low and associated snowfall rates
diminished, preventing it from becoming a major snow-
fall producer in the Northeast.

e. 16–17 January 1965: NESIS � 1.95

During the snowy, cold decade of the 1960s, one of
several heavy snow threats occurred during January
1965. A large cold anticyclone located over central Can-
ada provided bitterly cold air for much of the north-
eastern United States, and upper-level troughs amplified
into the central and southern United States. But several
short-wave disturbances did not consolidate into a major
storm, although moderate snow, high winds, and tem-
peratures in the teens (�F) created blizzard conditions
across much of the Northeast on 16 January. Although
12–18 in. (30 46 cm) of snow fell across Cape Cod and
Nantucket, Massachusetts, with drifts up to 5 feet (150
cm) in places, most snowfall amounts across the North-
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FIG. 11.2-11. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 23 and 24
Dec 1963. See Fig. 11.1-2 for details.

east urban corridor were 6–10 in. (15–25 cm) or less
(Fig. 11.2-13).

The 16–17 January 1965 event is selected because
its initial development was associated with typical pre-
cursors to a major snowstorm, with an amplifying upper

trough over the central United States (Fig. 11.2-15) and
the appearance of a large surface anticyclone associated
with a confluent upper-level jet over the northeastern
United States. However, a major snowstorm did not oc-
cur as both the surface low and the 850-hPa circulation
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FIG. 11.2-12. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 23 and 24 Dec 1963. See Fig. 11.1-3 for details.

became elongated along the East Coast on 16 January
rather than consolidating into one major storm system
(Fig. 11.2-14). The presence of the strong surface an-
ticyclone located to the north combined with the elon-
gated surface low pressure system to sustain a strong
pressure gradient and high winds, creating blizzard con-
ditions. A surface low developed off the Southeast coast
late on 16 January and early on 17 January that then
passed out to sea and also did not result in a rapidly
deepening cyclone or significant snowfall along the East
Coast.

The elongated nature of the surface lows that marked
this case is related to the evolution of the upper-level
height and wind features that initially looked promising,
but failed to evolve toward a classic pattern that could
produce a major snowstorm. Although the confluent en-
trance region of the northern jet over New York to New
England remained intact on 16 January (Fig. 11.2-15),
the trough that was digging into the central and southeast
United States maintained an elongated structure and
positive tilt through 17 January. Furthermore, a dual-
jet pattern at both 400 and 250 hPa at 1200 UTC 16
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FIG. 11.2-13. Snowfall (in.) for 16–17 Jan 1965. See Fig. 11.1-1 for details.

January was not sustained as the entrance region wind
pattern elongated by 0000 UTC 17 January, resulting
in a diminished along-stream wind variation in both the
exit region of the southern jet and the entrance region
of the northern jet. Thus, an initially favorable situation
to deliver a heavy snowfall event along the East Coast
evolved into mostly a prolonged light to moderate snow
event for much of the coast.

f. 21–22 March 1967: NESIS � 1.20

An unexpected heavy snowfall in March 1967 af-
fected New York City, Long Island, eastern Connecticut,
southeastern Massachusetts, and Rhode Island with up
to 18 in. (46 cm) of snow, closing schools, catching city
officials unprepared, and crippling most forms of trans-
portation, particularly on the morning of 22 March. An
area of 6–10 in. (15–25 cm) of snow fell from northern
New Jersey and northeastern Pennsylvania through New
York City and Long Island and much of southern New
England (Fig 11.2-16).

The surface and upper-level features of this storm

bear some resemblance to that of the storm of 14–15
February 1962 (see earlier in this chapter). A primary
low remained relatively far north and weakened over
the upper Midwest as a secondary surface low devel-
oped south of New England. Unlike the February 1962
storm, the surface low did not intensify appreciably (Fig.
11.2-17) and remained relatively stationary off Long
Island. At 850 hPa, a closed cyclonic circulation was
located over the Great Lakes at 0000 UTC 22 March,
usually not a good indication for snowfall in the New
Jersey and New York area since that location often fa-
vors warming to the east of the low, often resulting in
a change to rain. However, by 1200 UTC 22 March, a
separate and distinct circulation intensified at 850 hPa
south of Long Island and remained stationary for the
next 12 h supporting the snowfall from New Jersey to
southern New England.

At upper levels (Fig. 11.2-18), a relatively low-am-
plitude trough moved slowly eastward across the north-
east United States between a nearly stationary cutoff
low south of Newfoundland and south of a small upper-
level ridge over eastern Quebec. The ridge–cutoff low
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FIG. 11.2-14. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 16 and 17 Jan 1965. See Fig.
11.1-2 for details.
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FIG. 11.2-15. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 16 and 17 Jan 1965. See Fig. 11.1-3 for details.

combination across eastern Canada favored a nearly sta-
tionary, surface high pressure system north of Maine
that provided enough cold air to support a significant
snowfall. Furthermore, the system seemed to take on

the characteristics of a synoptic scale ‘‘omega’’ blocking
pattern, which slowed the movement of the surface low
and prolonged the heavy snowfall in the New York City
metropolitan area and southern New England on 22
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FIG. 11.2-16. Snowfall (in.) for 21–22 Mar 1967. See Fig. 11.1-1 for details.

March. The short wavelength of the upper trough, the
lack of surface deepening once the low formed south
of Long Island, the small amplitude, and the relativity
small scale of this system are all factors that are different
from the larger, more significant snowstorms described
in chapters 3 and 4 of volume I, and chapter10. The net
effect was to confine the moderate to heavy snowfall to
a small area from New Jersey through New York City
and Long Island to southern New England.

g. 31 December 1970–1 January 1971: NESIS �
2.10

This New Year’s Day snowstorm represents an event
that had the potential to develop into a major Northeast
snowstorm, but never quite lived up to that potential.
A band of heavy snow, 10–20 in. (25–50 cm), was
located primarily west of the Northeast urban corridor
with a more moderate snowfall over the metropolitan
areas. Snowfalls of greater than 20 in. (50 cm) were
reported in portions of eastern West Virginia, western

Maryland, and south-central Pennsylvania (Fig. 11.2-
19).

This is a case that appears to have surface and upper-
level characteristics that would support a major snow-
storm event for the Northeast urban corridor, resembling
many of the cases in chapter 10. The track of the surface
low, the location of the surface anticyclone during the
precyclongenetic period, and the general upper-level
trough–ridge pattern and jet streak evolution are all sim-
ilar to those of the classic snowstorms (Figs. 11.2-20
and 11.2-21). Indeed, the diffluent exit region of the
southern jet at 400 hPa and the entrance region of the
northern jet at 250 hPa seem ideally located at 0000
UTC 1 January to support a more significant snowfall
along the coast than actually occurred. High pressure
remained relatively stationary north of New York, while
a surface low moved from the southeastern United
States to off the middle Atlantic coast. Strong confluent
flow remained in place over northern New England,
while a negatively tilted trough supported the surface
low formation off the Carolina coast. Yet, the heaviest
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FIG. 11.2-17. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 22 and 23 Mar 1967. See Fig.
11.1-2 for details.
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FIG. 11.2-18. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 22 and 23 Mar 1967. See Fig. 11.1-3 for details.

snows of 10–20 in. (25–50 cm) of snow or greater were
confined to West Virginia, western Virginia, western
Maryland, and south-central Pennsylvania, while totals
of no more than 6–10 in. (15–25 cm) were common in

the Northeast urban corridor with primarily light to
moderate snowfall rates during this event.

Some general differences exist between this storm and
other more significant Northeast snowstorms, possibly
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FIG. 11.2-19. Snowfall (in.) for 31 Dec 1970–1 Jan 1971. See Fig. 11.1-1 for details.

contributing to the storm’s lesser snowfall in the North-
east urban corridor. First, central pressures within the
surface anticyclone north of New York (1022 hPa) were
somewhat lower relative to many major snow cases.
Second, while the surface low deepened about 8 hPa
between 1200 UTC 31 December to 0000 UTC 1 Jan-
uary as it moved northeastward along the Southeast
coast, the surface low did not deepen at all early on 1
January as it moved east of the Virginia coast (Fig. 11.2-
20). Furthermore, although the 850-hPa circulation ap-
pears to intensify between 1200 UTC 31 December and
1200 UTC 1 January, 850-hPa temperature gradients
remain relatively weaker than in other cases, reducing
the thermal advection pattern and related ascent. In ad-
dition, the easterly low-level jet analyzed north of the
850-hPa center remains relatively weak, barely reaching
20 m s�1 by 1200 UTC 1 January, with a more southerly
low-level jet displaced farther east over the Atlantic
Ocean. During this period, the surface low became more
elongated, and light to moderate snowfall rates produced
less snowfall in New York City to New England than
was expected.

h. 13–15 January 1982: NESIS � 3.08

This snowstorm was the result of two separate short-
wave troughs that produced two distinct periods of snow
across the middle Atlantic states and New England. The
first storm system brought moderate snowfall from Vir-
ginia to southern New England on 13 January and con-
tributed to a disastrous commercial jet crash into the
Potomac River at Washington. During this storm, snow
changed to rain or freezing rain along the immediate
coast from southeastern Virginia to southern New Jer-
sey. The second storm moved rapidly northeastward on
14 January and produced a brief but heavy period of
snow immediately along the coastal plain, with new
snowfall accumulations of up to 10 in. (25 cm) in coastal
Virginia and Maryland (Fig. 11.2-22).

The storm occurred during a month when some of
the coldest air masses observed during the second half
of the 20th century penetrated southward across all of
the central and eastern United States, with daily NAO
values (Table 2-5, volume I) remaining negative for
much of the month of January. ENSO was near neutral
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FIG. 11.2-20. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 31 Dec 1970 and 1200 UTC 1
Jan 1971. See Fig. 11.1-2 for details.
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FIG. 11.2-21. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 31 Dec 1970 and 1200 UTC 1 Jan 1971. See Fig. 11.1-3 for details.

at this time (Fig. 2-19, volume I), prior to the beginning
of a major El Niño event in 1983.

The moderate snowfall events occurred in association
with a series of upper-level trough–jet systems. The first

short-wave trough and relatively weak cyclone moved
northeastward from the Gulf of Mexico along the At-
lantic coast (Fig. 11.2-23) and produced a general 4–
8-in. snowfall (10–20 cm) from Virginia northward to
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FIG. 11.2-22. Snowfall (in.) for 13–15 Jan 1982. See Fig. 11.1-1 for details.

New England on 13 January. A second storm system
moved rapidly northeastward from the Gulf of Mexico
the next day (14 January) and was off the North Carolina
coast by 0000 UTC 15 January (Fig. 11.2-23). A rel-
atively narrow band of briefly moderate to heavy snow-
fall with up to 4–8-in. snowfall accumulations occurred
along the coastal sections of the middle Atlantic states.
The fast movement of this system and the sharp bound-
ary between snow and no snow on the western edge of
the precipitation shield restricted the areal coverage of
the snowfall associated with this system. The combi-
nation of these two systems did result in a significant
snowfall, but total snowfall amounts were less than most
of the major snowstorms described earlier, especially in
the urban corridor.

This case is an example of two upper short-wave and
jet streak systems that did not merge nor phase soon
enough to produce a major snowfall, but remained sep-
arate entities that only began to merge together off the
East Coast by 0000 UTC 15 January. The first system
appeared as a relatively weak upper-level short-wave
trough with a distinct jet streak at 400 hPa at 0000 UTC

14 January (Fig. 11.2-24), with a strong warm-air ad-
vection pattern and inverted trough along the East Coast
(Fig. 11.2-23) that contributed to the moderate snowfall.
The second system was a more significant upper-level
trough but acted on a baroclinic field significantly mod-
ified by the first storm system (Fig. 11.2-23) that shifted
the temperature gradients farther east. The second short-
wave disturbance also deamplified by 0000 UTC 15
January as it became negatively tilted along the Carolina
coast (Fig. 11.2-24), but with little diffluence evident
downstream of the trough axis extending from the Great
Lakes to Georgia. The lack of diffluence with this trough
and the elongated advection pattern along the East Coast
restricted the moderate to heavy snow along a narrow
area immediately along the coast on 15 January, as the
surface low tracked 100–200 km east of the North Car-
olina coast.

i. 8–9 March 1984: NESIS � 1.29

This rapidly moving storm produced a swath of 6–
10 in. (15–25 cm) of snow from the suburbs of Wash-
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FIG. 11.2-23. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 14 and 15 Jan 1982. See Fig.
11.1-2 for details.
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FIG. 11.2-24. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 14 and 15 Jan 1982. See Fig. 11.1-3 for details.
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FIG. 11.2-25. Snowfall (in.) for 8–9 Mar 1984. See Fig. 11.1-1 for details.

ington to southern New England, with isolated reports
of up to 13 in. (33 cm) over central New Jersey (Fig.
11.2-25). The storm is noted for an outbreak of con-
vectively driven snow that occurred during the evening
rush hour in the Washington–Baltimore metropolitan
area that dropped nearly 6 in. (15 cm) of snow in 1.5 h,
creating gridlock conditions that lasted well into the
night. The precipitation then evolved into a more general
snowfall pattern that spread northeastward toward New
York and New England. Snow fell for periods of gen-
erally 12 h or less, with rates briefly approaching 1–2
in. (2.5–5 cm) h�1 (See Kocin et al. 1985).

The surface low had the characteristics of a typical
‘‘Alberta clipper’’ that progresses southeastward from
the northern plains into the Ohio Valley. As the surface
low moved toward the Atlantic coast and weakened, a
pronounced secondary low developed over Virginia and
intensified 12 hPa in 12 h as it moved northeastward
off the southern New England coast (Fig. 11.2-26).

An amplifying upper-level short-wave trough and as-
sociated jet streak with a very distinct exit region at

400 hPa (Fig. 11.2-27) supported the development of
the primary low at 1200 UTC 8 March and the rapid
redevelopment of the secondary surface low over Vir-
ginia by 0000 UTC 9 March. Cold air was provided by
the confluent upper-level flow pattern across southeast-
ern Canada, which supported the extension of the cold
surface high over the Great Lakes eastward to New
England and southward to the mid-Atlantic states. The
850-hPa analysis depicts a closed circulation pattern
moving rapidly from west to east on 8–9 March, with
warm-air advection ahead of the vortex center and a
cold-air advection pattern behind. The warm-air advec-
tion was enhanced by a 25 � m s�1 low-level jet in the
Ohio Valley at 1200 UTC 8 March and in the mid-
Atlantic states at 0000 UTC 9 March, located beneath
the diffluent exit region of the polar jet (at 400 hPa)
and directed toward the region of heaviest snow.

Although this case was marked by distinct upper- and
lower-troposphere features conducive to heavy snowfall
and the outbreak of convection during the secondary
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FIG. 11.2-26. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 8 and 9 Mar 1984. See Fig.
11.1-2 for details.
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FIG. 11.2-27. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 8 and 9 Mar 1984. See Fig. 11.1-3 for details.

redevelopment of the surface low, snowfall remained in
the moderate category due to the short duration of the
snowfall (less than 12 h) related to the rapid speed of
this system.

j. 7–8 January 1988: NESIS � 4.85

This case is a typical moderate Northeast urban cor-
ridor snowfall that had the potential to produce greater
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FIG. 11.2-28. Snowfall (in.) for 7–8 Jan 1988. See Fig. 11.1-1 for details.

accumulations since many of the ingredients for heavy
snowfall were present. The storm originated in the Gulf
of Mexico on 7 January, with two inverted troughs ex-
tending northward: one west of the Appalachians and
one up the southeast Atlantic coastline. During this
stage, the storm produced record snowfall amounts over
Arkansas and Tennessee (Mote et al. 1997) and else-
where, accounting for the high NESIS value of 4.85.
As the surface low moved from the northern Gulf of
Mexico to the North Carolina coast at 1200 UTC 8
January and then northeastward along the East Coast
(Fig. 11.2-29), only moderate snowfall accumulations
of 4–10 in. (10–25 cm) materialized in the Northeast
urban corridor (Fig. 11.2-28), without the significant
snowfall rates observed in other cases.

An examination of the upper-level charts (Fig. 11.2-
30) reveals that as this storm began moving toward the
East Coast on 8 January, the upper confluence within
the entrance region of a well-defined jet streak in the
Northeast and a related cold anticyclone were clearly
in place. But the upper-level short-wave trough in the
south-central United States was deamplifying with time.

The associated upper-level jet streaks were poorly de-
fined as the system approached the East Coast, espe-
cially at the 400-hPa level. As the upper trough neared
the East Coast and weakened, the short-wave system
was barely discernible in the 500-hPa height field at
1200 UTC 8 January, during the period when the surface
low was developing along the East Coast. Furthermore,
the surface low seemed to accelerate northeastward as
the upper-level trough damped within the strong west-
to-southwest flow field. The net result was a modest
surface cyclone and associated weak 850-hPa circula-
tion and modest temperature advection pattern (Fig.
11.2-29) yielding snowfall rates that remained at less
than an inch (2.5 cm) per hour as the storm accelerated
up the coast.

k. 27–28 December 1990: NESIS � 1.56

This is a case marked by a surface low pressure sys-
tem that slowly developed along the East Coast within
a highly confluent upper-level flow regime. Despite the
presence of a larger-scale upper ridge across the eastern
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FIG. 11.2-29. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 8 and 9 Jan 1988. See Fig.
11.1-2 for details.
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FIG. 11.2-30. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 8 and 9 Jan 1988. See Fig. 11.1-3 for details.
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FIG. 11.2-31. Snowfall (in.) for 27–28 Dec 1990. See Fig. 11.1-1 for details.

United States, strong confluence over the northeast Unit-
ed States acted to establish a high pressure cell and
related cold surface temperatures along much of the east
coast during the prestorm period. Two inverted troughs,
one to the west of the Appalachian Mountain chain and
one along the East Coast, were dominant features, with
a surface low developing along the coast by 1200 UTC
28 December (Fig. 11.2-32). Moderate snowfall devel-
oped in the Ohio Valley and moved into the middle
Atlantic states as these inverted troughs extended north-
eastward toward the cold anticyclone anchored over the
Northeast, all within the confluent entrance region of
the upper-level jet streak extending from the Great
Lakes to southeastern Canada on 27–28 December at
both 400 and 250 hPa (Fig. 11.2-33). An area of 6–10
in. (15–25 cm) of snow occurred from northern Mary-
land and West Virginia northeastward into southern New
England (Fig. 11.2-31). Heaviest snows of 10–15 in.
(25–38 cm) were found in southern Pennsylvania and
the panhandles of Maryland and West Virginia.

A short-wave trough at 500 hPa over the south-central
United States at 1200 UTC 27 December (Fig. 11.2-33)
also played a role in the development of the inverted

trough and related snowfall. The short wave at first am-
plified, then deamplified, and was absorbed within the
strong confluent flow marking the entrance region of
the jet streak over New England as moderate to heavy
snows developed from West Virginia to Massachusetts
and cold, shallow air remained entrenched east of the
Appalachian Mountains.

This was a difficult forecast situation since the op-
erational forecast models [Limited Fine Mesh (LFM)
and Nested-Grid Model (NGM)] predicted little surface
low development, rising 500-hPa geopotential heights
and 1000–500-hPa thicknesses, and a weak upper short-
wave trough approaching from the southwest. Fore-
casters anticipated a rapid warming trend as the large-
scale upper trough amplified over the western United
States and an upper-level ridge amplified across the east-
ern United States. The presence of the weak short-wave
disturbance within the highly confluent flow was not
expected to produce the outbreak of widespread snow
and weak cyclogenesis that resulted in a moderate snow-
fall.

The case of 27–28 December 1990 provides an in-
teresting contrast with the preceding January 1988 mod-
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FIG. 11.2-32. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 27 and 28 Dec 1990. See Fig.
11.1-2 for details.
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FIG. 11.2-33. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 27 and 28 Dec 1990. See Fig. 11.1-3 for details.
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FIG. 11.2-34. Snowfall (in.) for 19–20 Dec 1995. See Fig. 11.1-1 for details.

erate snowfall case in a number of ways. Prior to its
occurrence, the January 1988 case appeared to present
the threat of a major snowstorm to the Northeast urban
corridor because of the presence of a significant cold
anticyclone, a significant upper-level trough, and the
associated dual-jet-streak pattern. However, that threat
later diminished because the upper-level trough weak-
ened and the surface low did not strengthen appreciably.
The December 1990 case, by contrast, initially did not
appear to present a threat for producing moderate or
heavy snowfall because of the absence of a significant
upper-level trough. In this case, a large, cold surface
anticyclone was located beneath the entrance region of
a significant jet streak embedded within highly confluent
flow across eastern Canada and the northeastern United
States (Fig. 11.2-33). Both cases are examples of mod-
erate snowstorms that occur with relatively weak upper-
level trough disturbances that are marked by decreasing
amplitude as the trough becomes absorbed within the
confluent southwesterly flow over New England. The
cases are also marked by cold anticyclones (and weak
surface low pressure systems) that appear to be sus-
tained by the general confluent flow regime in the North-
east. Finally, the outbreak of snowfall is consistent with

the rising motion expected within the entrance region
of the jet streaks located within the confluent zone. As
such, this factor seems to be a critical element for the
snowfall noted in both of these cases.

l. 19–21 December 1995: NESIS � 3.32

During the snowiest winter of the 20th century for
the Northeast urban corridor, one dominated by the neg-
ative phase of the NAO (Fig. 2-20, volume I; also see
Table 2-5), this case could be considered a major urban
snowstorm because there is a significant band of snow
greater than 10 in. (25 cm) (Fig. 11.2-34). However,
much of the snow fell over a fairly long period of time
without excessive snowfall rates. This case is considered
a ‘‘moderate’’ event because it did not deliver the big
snows even though there are notable similarities with
other major snowstorms, especially for the precyclo-
genetic period.

By 1200 UTC 19 December, cold high pressure was
poised north of the U.S.–Canadian border and a signif-
icant low pressure system was moving into the Ohio
Valley, marked by a well-defined 850-hPa circulation
and upper-level trough at 500 and 250 hPa (Figs. 11.2-
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FIG. 11.2-35. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 19 and 20 Dec 1995. See Fig.
11.1-2 for details.
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FIG. 11.2-36. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 19 and 20 Dec 1995. See Fig. 11.1-3 for details.
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FIG. 11.2-37. Snowfall (in.) for 2–4 Feb 1996. See Fig. 11.1-1 for details.

35 and 36). A well-defined jet streak within the upper-
level confluent flow is also evident over the Northeast,
supporting the cold anticyclone and the expanding pre-
cipitation shield. A surface low over the Ohio Valley at
1200 UTC 19 December moved toward West Virginia
as secondary cyclogenesis commenced east of Virginia
by 0000–1200 UTC 20 December. As the upper-level
trough neared the East Coast by 1200 UTC 20 Decem-
ber, the trough amplitude decreased as a broad closed
upper low center formed north of New York. Although
a secondary surface cyclone formed off Virginia and
moved northeastward off the southern New England
coast, the 850-hPa low center deepened only slowly and
the advection patterns at the 850-hPa level did not am-
plify appreciably on 19–20 December. As the 850-hPa
low extended eastward toward the East Coast, no east-
erly low-level jet greater than 20 m s�1 appeared to the
north of the low. These combined factors, including the
complex interaction of the upper troughs and unim-
pressive advection patterns at 850 hPa contributed to

the moderate, rather than heavy, snowfall rates that ac-
companied this storm.

m. 2–4 February 1996: NESIS � 2.03

This moderate snowstorm during the snowy winter
of 1995/96 evolved within a particularly complex flow
field. The snowfall was associated with a series of sur-
face lows tracking northeastward from the Gulf of Mex-
ico along a frontal zone along the southeast coast, ush-
ering in a very cold air mass associated with a strong
high pressure system centered in the middle United
States during the entire event. Most snowfall amounts
within the Northeast urban corridor were generally be-
tween 6 and 10 in. (15 and 25 cm; Fig. 11.2-37), al-
though a mesoscale snow band produced up to 15 in.
(38 cm) of snow across portions of eastern Virginia,
southern Maryland, and southern Delaware (see volume
I, chapter 6).

This case is marked by some of the highest wind
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FIG. 11.2-38. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 2 and 3 Feb 1996. See Fig.
11.1-2 for details.



C H A P T E R 1 1 745D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

FIG. 11.2-39. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 2 and 3 Feb 1996. See Fig. 11.1-3 for details.

speeds within the upper-level confluent jets observed in
any of the cases examined in this monograph, with max-
imum wind speeds north of New England exceeding
110 m s�1 at the 250-hPa level at 0000 UTC 3 February

(Fig. 11.2-39). Temperatures cold enough for snow were
provided by the large, cold anticyclone located in the
central United States and extending toward New York
beneath the confluent entrance region of the upper-level
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FIG. 11.2-40. Snowfall (in.) for 15–16 Feb 1996. See Fig. 11.1-1 for details.

jet. The cold air associated with this anticyclone broke
numerous cold temperature records in the plains states
and upper Midwest on 2 February 1996.

As with some of the other moderate cases, this event
was marked by an ill-defined and weakening upper-level
short-wave trough that appeared to become stretched
out and absorbed within the confluent flow regime over
the Northeast (Fig. 11.2-39), with only modest surface
cyclogenesis (Fig. 11.2-38). A first short-wave trough
on 2–3 February spawned a weak cyclone off the mid-
Atlantic coast and generally light snows, except for the
previously mentioned mesoscale snow band, which pro-
duced heavy snow [up to 15 in. (38 cm)] from central
Virginia to Maryland’s eastern shore and southern Del-
aware, accounting for the greater than 20-in. (50 cm)
totals depicted in the snowfall chart (Fig. 11.2-37).

The more widespread snowfall event occurred over
much of the Northeast urban corridor later on 3–4 Feb-
ruary in association with the development of a modest
cyclone along the Southeast coast. This cyclone, which
moved from Georgia at 0000 UTC 3 February to well
east of the Virginia coast by 1200 UTC 3 February (Fig.

11.2-38), was associated with a second, weak upper-
level trough that also did not amplify as it moved into
the strong confluent entrance region covering the entire
eastern United States. This case could be summarized
as one dominated by the vertical ascent pattern asso-
ciated with the strong upper confluent jet streak in the
Northeast. The weak and ill-defined upper-level short-
wave features and related ill-defined jet streak exit re-
gions moving northeast from the south-central United
States appeared to limit the potential for this case. The
stretched-out surface lows along the front and weakly
defined circulation and advection patterns at 850 hPa
are also consistent with the moderate nature of this snow
event.

n. 16–17 February 1996: NESIS � 1.65

The second moderate snowstorm during February
1996 developed quite differently than the snowstorm
earlier in the month (see previous case). This snowstorm
produced a long, narrow band of 6–10-in. (15–25 cm)
snows from the Carolinas to New England, with 10–



C H A P T E R 1 1 747D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

FIG. 11.2-41. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 16 and 17 Feb 1996. See Fig.
11.1-2 for details.
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FIG. 11.2-42. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 16 and 17 Feb 1996. See Fig. 11.1-3 for details.

15-in. totals (25–38 cm) within the Northeast urban cor-
ridor and across western New England (Fig. 11.2-40).

Unlike the 2–4 February 1996 snowstorm, this case
was marked by the lack of a confluent jet pattern across
the northeast United States during the precyclogenetic

period at either 500 or 250 hPa, with a cold surface
high moving southward across the central United States
and little if any ridging of the cold air across the Great
Lakes into the Northeast (Fig. 11.2-41). This case also
featured a very strong, upper-level trough and associated
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FIG. 11.2-43. Snowfall (in.) for 14–15 Mar 1999. See Fig. 11.1-1 for details.

jet streak amplifying southeastward into the central
United States on 16 February (Fig. 11.2-42). Weak low
pressure developed along a preexisting baroclinic zone
over the southeast United States, responding to the vig-
orous upper trough diving southeastward across the
Midwest at 0000–1200 UTC 16 February. The cyclone
continued to develop along the Carolina coast within
the diffluent exit region of the jet streak and moved
northeastward along the coast producing moderate to
heavy snows as the 850-hPa circulation intensified along
the East Coast (Fig. 11.2-41). The surface low deepened
about 12 hPa in 12 h and the storm structure resembled
the ‘‘T-bone’’ scenario described by Shapiro and Keyser
(1990), rather than the traditional occluded cyclone ob-
served for many of the cases.

The heavy snow remained as a narrow band as the
surface low pressure system became elongated along
the coast on 16 February. This is perhaps related to the
trough taking on a more southwest-to-northeast, or
‘‘positive,’’ tilt between 1200 UTC 16 February and
0000 UTC 17 February, with little along-stream vari-
ation in the height and wind fields east of the trough
axis (Fig. 11.2-42). Furthermore, there was a noticeable

lack of ridging along the East Coast, precluding the
shortening wavelengths between the upper trough and
downstream ridge observed with many of the major
snowstorms, thus contributing toward more moderate
snowfall amounts.

o. 14–15 March 1999: NESIS � 2.20

This storm affected the Northeast urban corridor with
a mix of rain, sleet, and snow and proved very difficult
to forecast. It also occurred during a portion of the win-
ter when daily values of the NAO were distinctly neg-
ative (Table 2-5, volume I) despite the winter’s domi-
nance by positive NAO values. Heaviest snow fell in
central and western Pennsylvania, with a separate area
of heavy snow occurring in Maine. Moderate to heavy
snow fell within the metropolitan areas of Washington
and Boston, with snowfall of up to 10 in. (25 cm) to
the northwest of Washington, Baltimore, and Philadel-
phia. Snowfall totals in and around the suburbs of New
York City and Boston (Fig. 11.2-43) were generally in
the 6–10-in. (15–25 cm) range.

This case is marked by a cold surface high pressure
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FIG. 11.2-44. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 14 and 15 Mar 1999. See Fig.
11.1-2 for details.
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FIG. 11.2-45. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 14 and 15 Mar 1999. See Fig. 11.1-3 for details.

system positioned over the Great Lakes region. A deep
surface low developed in the southeastern United States
by 1200 UTC 14 March marked also by a distinct 850-
hPa circulation and developing 25–30 m s�1 low-level
jet along the East Coast at 0000 UTC 15 March as the

surface low moved toward the Carolina coast (Fig. 11.2-
44). The moderate to heavy snows that occurred north
and west of Washington and Philadelphia fell during
this period.

The surface low developed as a distinct closed low
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FIG. 11.3-1. Icing coverage (violet) for 7–9 Jan 1956.

aloft moved into the south-central United States and a
confluent jet streak was sustained over New England
during the initial cyclogenetic period (Fig. 11.2-45).
Furthermore, at 1200 UTC 14 March, the dual-jet pat-
tern that has been noted for more significant snow events
was well established, especially at 250 hPa. By 1200
UTC 15 March, the upper-level system appears to lose
its closed circulation and remains positively tilted along
the East Coast. Concurrently, as the surface low moved
northeastward from the Carolinas, the snowfall became
less intense, accounting for the smaller accumulations
that occurred between New York City and Boston than
over southwestern Pennsylvania (Fig. 11.2-43). Later,
as the upper-level trough moved northeastward toward
New England, it became more negatively tilted (not
shown), the surface low intensified, and heavy snowfall
commenced over northern New England. The delay in
the upper-level trough assuming a negative tilt spared
New York City and southern New England from a major
snowstorm for this case, with more moderate amounts
generally occurring.

3. Ice storms

Seven ice storms are described in this section. These
seven cases produced large areas of significant icing,

some severely impacting transportation, while others re-
sulted in widespread power losses as heavy accumula-
tions of ice downed power lines. In some cases, freezing
rain was the predominant mode of frozen precipitation
(such as January 1956 and 27–28 January 1994) while
in other cases, snow and freezing rain were both sig-
nificant problems (e.g., December 1973, 13–14 January
1978, and 7–9 January 1994). The analyses emphasize
the surface and upper-level weather patterns that support
a vertical temperature profile that allows subfreezing air
to remain at the earth’s surface while a wedge of warm
air aloft between 900 and 700 hPa allows snow to melt,
in contrast to the heavy snow events shown in chapter
10.

While only seven cases are included in this section,
it is apparent there are a number of scenarios that favor
significant occurrences of freezing rain (see volume I,
chapter 5). One element necessary is a source of cold
air at the earth’s surface. All cases are marked by the
presence of large anticyclones whose locations vary
greatly, especially when compared to the heavy snow
cases. In some cases, an anticyclone is located to the
north-northwest of the Northeast urban corridor, similar
to the major snow events. Other cases are associated
with anticyclones that continue to drift eastward across
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FIG. 11.3-2. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 8 and 9 1956 (surface) and
1500 UTC 8 and 9 Jan 1956 (850 hPa). See Fig. 11.1-2 for details.
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FIG. 11.3-3. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1500 UTC 8 and 9 Jan 1956. See Fig. 11.1-3 for details.
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FIG. 11.3-4. Snowfall (in.) and icing coverage (violet) for 16–17 Dec 1973. See Fig. 11.1-1 for details.

eastern Canada, similar to the ‘‘interior snowstorms’’
described in chapter 11.1. While some anticyclones drift
eastward completely off the North American continent
(such as the storms on 17–18 January and 27–28 Jan-
uary 1994), cold low-level air still remains locked in
place east of the Appalachian Mountains. With the ex-
ception of January 1956, upper-level confluent flow is
common over the northeast or southeastern Canada. Jan-
uary 1956 is an extraordinary case in which a large
blocking upper-level anticyclone is associated with a
surface anticyclone that provides cold air at low levels
and a large blocking cyclone provides the flow of rel-
atively warm, moist air above the shallow, cold air. Hart
and Grumm (2001) have described this case as the most
anomalous departure from climatology in a 53-yr pe-
riod.

Factors that allow warmer air to move above the shal-
low, cold surface air include a number of scenarios de-
scribed in chapter 5 of volume I. One scenario is a deep
upper-level trough associated with a strong meridional
frontal zone west of a strong ridge over the Atlantic
Ocean (e.g., December 1973 and January 1978). Warm-
er air from the south and east rises above the shallow,
cold air. A second scenario, perhaps more common, is

one where an anticyclone drifts eastward across eastern
Canada while an upper trough moves to the northwest
of the urban corridor (such as 17–18 January 1994, 27–
28 January 1994, and 14–15 January 1999), allowing
cold surface air to remain while southwesterly flow aloft
brings in warmer air. This scenario shows the presence
of an extensive region of southwesterly winds aloft west
of the building upper-level ridge that allows rising 850-
hPa temperatures to build northeastward. A third sce-
nario is one in which the transition region between sig-
nificant snow and rain is found with conditions similar
to those found with major snowstorms. However, the
cold air typically does not extend as far south as the
heavy snow cases (7–9 January 1994).

a. 7–9 January 1956

This was a highly unusual weather event (see Mook
1956) that produced a large region of mostly light to
moderate icing accumulations across nearly the entire
Northeast (see distribution in Fig. 11.3-1). The area of
icing was the largest of the seven cases (see Fig. 5-20,
volume I) that spread first across northern and eastern
New England and then southwestward across the rest
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FIG. 11.3-5. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 16 and 17 Dec 1973. See Fig.
11.1-2 for details.
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FIG. 11.3-6. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 16 and 17 Dec 1973. See Fig. 11.1-3 for details.
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FIG. 11.3-7. Snowfall (in.) and icing coverage (violet) for 13–14 Jan 1978. See Fig. 11.1-1 for details.

of New England, New York, and much of the middle
Atlantic states (rather than spreading northeastward in
a typical winter storm). Unlike the other icing cases,
there was little snow associated with this storm as much
of the storm precipitation fell first as freezing rain and
then as rain. While many icing events are associated
with warm air that moves northeastward over the low-
level dome of shallow, cold air, the presence of an anom-
alous upper-level cyclone and anticyclone (see Fig.
11.3-3) over the western Atlantic allowed warm air to
move west and southwestward across New England and
the middle Atlantic states. The upper-level pattern is so
anomalous that Hart and Grumm (2001) found this case
to be the highest-ranked storm of all storms during a
53-yr period from 1948 to 2001 on a scale that uses
normalized departures from climatology of tropospheric
values of height, temperature, winds, and moisture. Most
ice accumulations were less than half an inch (1 cm),
but the icing caused significant problems due to its wide-
spread coverage.

The synoptic evolution of this event occurred during
a significant atmospheric blocking episode. With a large
upper-level anticyclone parked over northeastern Can-
ada (many of the heavy snow cases in chapter 10 are

associated with a closed upper-level low over eastern
Canada), a short-wave trough amplified to its south and
generated a very large cyclone over the central Atlantic
(Fig. 11.3-2). To the north of the cyclone center, mois-
ture moved westward off the Atlantic toward New En-
gland, and a very strong frontal boundary was estab-
lished between cold air over the eastern United States
and the maritime air offshore. With cold air in place at
the lowest levels of the atmosphere, much of the initial
precipitation fell as freezing rain. However, as the block-
ing pattern persisted, the warmer maritime air quickly
spread westward, first across New England and then
across much of the rest of the Northeast and middle
Atlantic states, changing the freezing rain to rain over
New England and as far south as Baltimore.

b. 16–17 December 1973

This ice storm was also a significant snowstorm that
left more than 10 in. (25 cm) of snow across central
New York, portions of east-central Pennsylvania, east-
ern West Virginia, and Washington, and portions of cen-
tral Virginia (Fig. 11.3-4). It occurred during a period
when the El Niño–Southern Oscillation (ENSO) was in
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FIG. 11.3-8. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 13 and 14 Jan 1978. See Fig.
11.1-2 for details.
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FIG. 11.3-9. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 13 and 14 Jan 1978. See Fig. 11.1-3 for details.

a distinct negative phase (La Niña; Fig. 2-19, volume
I) and daily values of the North Atlantic Oscillation
(NAO) were positive (not shown), two factors not nec-
essarily favorable to winter storm formation (see volume

I, chapter 2). However, this storm is primarily remem-
bered as a significant ice storm across portions of Del-
aware, New Jersey, New York City, Long Island, Con-
necticut, Rhode Island, and eastern Massachusetts. In
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FIG. 11.3-10. Snowfall (in.) and icing coverage (violet) for 7–9 Jan 1994. See Fig. 11.1-1 for details.

Connecticut, the storm was described as the worst ice
storm in history with damage to trees greater than that
during the September 1938 hurricane. In New Jersey,
New York City, and Long Island, this was one of the
most damaging ice storms in history, resulting in power
losses to millions.

This major storm developed in conjunction with a
long-wave trough amplification across the eastern Unit-
ed States (Fig. 11.3-6). One of the major differences
between this storm and many of the other Northeast
snowstorms is that the orientation of the typical upper
trough–confluence differs from that noted for many of
the heavy snow cases. In this case, upper-level conflu-
ence is occurring along a more north–south axis, es-
pecially over the Great Lakes at 0000 UTC 17 December
1973 and over Quebec at 1200 UTC 17 December.
Therefore, much of the Northeast is located with the
entrance region of an amplifying upper-level jet streak
over Quebec. The orientation of the confluence–upper-
level jet supports a west-to-east temperature gradient
with a source of very cold air poised over the Great
Lakes and warmer air flooding northward over the west-
ern Atlantic Ocean. Therefore, the storm system was
associated with a significant north–south frontal bound-

ary and 850-hPa baroclinic zone (Fig. 11.3-5) that rep-
resented the contrast between the continental cold air
and the northward stream of warmer air just east of the
coastline. Low pressure moved slowly northward along
the meridional surface front (Fig. 11.3-5) to a position
east of the Maryland coast at 1200 UTC 17 December.
While cold air remained at the surface from Delaware
northward, the upper trough began to develop a closed
low and became negatively tilted, allowing warmer air
aloft to move westward, changing the snow to freezing
rain as the low-level cold air remained dammed just east
of the Appalachian Mountains. Warmer air did reach
into extreme eastern New England as the surface low
moved west of the coastline, with Boston’s temperature
rising to near 60�F (15�C), changing the precipitation
to rain, while farther south, precipitation fell as freezing
rain and snow during the entire event.

c. 13–14 January 1978

This ice storm was the first in a series of three major
winter storms that occurred within a memorable week
in the Northeast urban corridor. The other cases are
classified as an interior snowstorm (16–17 January
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FIG. 11.3-11. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 7 and 8 Jan 1994. See Fig.
11.1-2 for details.
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FIG. 11.3-12. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 7 and 8 Jan 1994. See Fig. 11.1-3 for details.

1978; see chapter 11.1) and as a major Northeast snow-
storm (19–20 January 1978; chapter 10.16). This case
was a snowstorm across much of the Northeast (Fig.
11.3-7) that changed to freezing rain in Virginia, Mary-

land, Delaware, northern New Jersey, eastern Pennsyl-
vania, southeastern New York, Connecticut, Rhode Is-
land, and eastern Massachusetts. Eastern Pennsylvania
(from the Philadelphia suburbs north to Allentown and
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FIG. 11.3-13. Snowfall (in.) and icing coverage (violet) for 17–18 Jan 1994. See Fig. 11.1-1 for details.

west to Reading and Lancaster) was especially hard hit
by freezing rain and ice pellets, where 0.5–1 in. (1–2
cm) of ice accumulated. Much of the area from northern
New Jersey, New York City, and Long Island, north-
eastward into eastern Massachusetts, was also hard hit
with one of the most severe ice storms on record, with
many households losing electricity for periods of up to
a week.

As with the other storms during January 1978, this
storm developed during a period when ENSO was
slightly positive (El Niño; Fig. 2-19, volume I) while
daily values of the NAO were also positive (Table 2-5,
volume I). The storm evolved as a number of upper-
level troughs consolidated slowly into a broad major
trough over the eastern United States (Fig. 11.3-9). A
large area of upper confluence covered much of eastern
Canada as a trough with a cutoff low lifted northeast-
ward from Quebec to Greenland, allowing cold high
pressure to cover much of southern Canada, providing
a source of low-level cold air. A surface low formed in
the Gulf of Mexico on 12 January and developed slowly
as it moved northeastward along the East Coast through
14 January (Fig. 11.3-8). As the upper trough amplified

over the eastern United States and the eastern Canadian
trough lifted northeastward toward Greenland, 500-hPa
heights built rapidly across the western Atlantic, allow-
ing warm air to ascend west of a strong frontal boundary
that extended along the coast, well north of the surface
low. With cold air remaining at the surface east of the
Appalachian Mountains as the warmer air moved in aloft
from the south and east, a widespread area of freezing
rain developed from the southeast United States north-
eastward along the entire coast. This case is similar to
the December 1973 storm with the development of a
strong north–south front, a large baroclinic zone at 850
hPa (Fig. 11.3-8), and the development of an upper-
level negatively tilted trough that allowed cold air to
remain at the surface while warmer air moved in aloft
to produce freezing rain and ice pellets in the urban
corridor, rather than snow.

d. 7–9 January 1994

The winter of 1993/94 will long be remembered, not
only for the number of heavy snow events over much
of the Northeast, but also for the large number of freez-
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FIG. 11.3-14. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 17 and 18 Jan 1994. See Fig.
11.1-2 for details.
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FIG. 11.3-15. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 17 and 18 Jan 1994. See Fig. 11.1-3 for details.

ing rain events in the middle Atlantic States. This storm
produced heavy amounts of snow across eastern New
England (Fig. 11.3-10), including more than 15 in. (38
cm) in Boston, but also produced a very significant ice

storm from Maryland northeastward toward Connecti-
cut. In the Philadelphia metropolitan area, this may have
been the most devastating ice storm in the region’s his-
tory, with thousands of downed trees and power outages
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FIG. 11.3-16. Icing coverage (violet) for 14–15 Jan 1999

that affected hundreds of thousands of people for a pe-
riod of up to a week. As with other significant winter
storms during January 1994, this was a period in which
ENSO was near zero or slightly positive, while the NAO
was also near zero or slightly positive (not shown).

A major feature of this storm was the strong cell of
high pressure anchored north of the Great Lakes that
supplied very cold air to the northeastern United States
during the event (Fig. 11.3-11). The high pressure sys-
tem was located beneath a pronounced region of upper
confluence over eastern Canada, observed between a
slow-moving upper trough south of Greenland and a
cutoff ridge over northern Quebec (Fig. 11.3-12). At the
same time, a developing upper trough over the central
United States moved northeastward toward the Ohio
Valley as low pressure developed over the Ohio Valley
and moved northeastward. The interaction of these fea-
tures is also marked by a strong confluent jet flow over
the eastern third of the United States, with the surface
trough slowly evolving into a low pressure center east
of New Jersey within the confluent entrance region of
the jet. A strong frontal boundary east of the low sep-
arated a flow of very mild air over the southeastern
United States from the cold, Canadian air located over

the northeast. The slow northeastward movement of the
upper trough to the west of the Northeast urban corridor
allowed warmer air to flow over the cold low-level air
from the south-southwest (see the 850-hPa analyses in
Fig. 11.3-11), resulting in freezing rain rather than snow,
from Washington to New York City, with below freezing
air remaining locked in over much of the Northeast as
the cold high pressure system remained north of New
England.

e. 17 January 1994

This second major ice storm of January 1994 occurred
between two exceptionally cold air masses that invaded
much of the eastern United States during mid-January
1994. The cold-air outbreaks occurred during a period
during which the NAO was distinctly positive, contrary
to expectations (see volume I, chapter 2), and ENSO
was nearly neutral but within a multiyear period in
which it tended toward positive values (El Niño; Fig.
2-19, volume I).

This was a highly unusual winter storm in that heavy
snow and significant icing occurred with a particularly
unusual synoptic setting (Fig. 11.3-14). High pressure
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FIG. 11.3-17. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 27 and 28 Jan 1994. See Fig.
11.1-2 for details.
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FIG. 11.3-18. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 27 and 28 Jan 1994. See Fig. 11.1-3 for details.

exited eastward off the East Coast and the heavy pre-
cipitation developed along a complex frontal system,
rather than a well-developed cyclone. Although high
pressure moved off the east coast, extremely cold air
associated with this system modified only slowly, and

remained over much of the eastern United States. A band
of snow exceeding 10 in. (25 cm) fell across West Vir-
ginia, northern Maryland, portions of Pennsylvania, and
New York, with as much as 30 in. (75 cm) of snow over
southern Ohio. Significant icing occurred across central
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FIG. 11.3-19. Snowfall (in.) and icing coverage (violet) for 14–15 Jan 1999. See Fig. 11.1-1 for details.

and western Virginia, Maryland, and southeastern Penn-
sylvania (Fig. 11.3-13). In southern Maryland, this ice
storm was considered the worst in 15 years with up to
an inch (2.5 cm) of ice accumulating on exposed sur-
faces.

This storm was associated with an amplifying trough
over the central United States composed of northern and
southern short-wave systems (Fig. 11.3-15). This upper
trough system was associated with a north–south-ori-
ented frontal system with a small area of low pressure
developing over the Tennessee Valley. As an upper
trough over eastern Canada retreated eastward, 500-hPa
heights rose over the western Atlantic, and the upper
trough over the central United States moved eastward.
High pressure moved off the East Coast, resulting in a
broad southerly flow of air, but the air mass was initially
so cold that it remained below freezing at low levels
while above freezing air was advected over the area
from the southwest at the 700-hPa level and above,
resulting in widespread frozen precipitation, rather than
rain or snow, from Virginia all the way to New England.
As in other cases, the precipitation in this case was
located within the entrance region of a well-defined,
confluent jet streak extending northeastward along the
east coast of the United States.

f. 27–28 January 1994

This was another significant ice storm in January
1994 that was associated with a classic example of
‘‘cold-air damming’’ (see volume I, chapter 3). A large,
intense, cold anticyclone moved over the northeastern
United States early on 27 January as low pressure was
developing over the central United States. This anti-
cyclone was accompanied by temperatures that were
well below 0�F across much of New England and near
0�F (�17�C) in New York City and Boston. Cold air
drained as far south as northern Florida and although
the storm system was moving northeastward toward the
Great Lakes, warmer air at the surface remained west
of the Appalachians and an intense coastal front de-
veloped along the Southeast and mid-Atlantic coasts on
27 January. The area of icing during this event covered
a large area from Virginia to Maine (Fig. 11.3-16).

The surface map at 1200 UTC 28 January (Fig. 11.3-
17) illustrates that the surface high moved well east of
Maine, but a wedge of cold air remained over interior
New England, southwestward across eastern Pennsyl-
vania, central Maryland, Virginia, and the western Car-
olinas into northern Georgia. It was here that severe
icing conditions occurred. Interestingly, Washington re-
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FIG. 11.3-20. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 14 and 15 Jan 1999. See Fig.
11.1-2 for details.
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FIG. 11.3-21. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 14 and 15 Jan 1999. See Fig. 11.1-3 for details.

ported severe icing and temperatures in the mid to upper
20s (�F) while temperatures in Philadelphia rose into
the mid 40s (�F) with rain. To the west of the region,
warmer air and temperatures in the 40s (�F) to near 50�F
streamed northward into the Ohio Valley, western New

York, and Pennsylvania and southern Ontario while sur-
face temperatures remained below freezing just east of
the Appalachian Mountains to Washington. To the east
of the region, warm air streamed northward along the
immediate coastline from Virginia to southern New



C H A P T E R 1 1 773D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

England. As the day progressed, the warmer air spread
northward across much of eastern New England, raising
temperatures as much as 90�F from the previous day!

The 500-hPa charts (Fig. 11.3-18) show that the
strong high was associated with a region of confluence
that moved rapidly eastward over the North Atlantic in
association with an upper trough that moved from New-
foundland over the North Atlantic. As a result, the sur-
face high also moved rapidly eastward over the Atlantic,
as a storm system over the central United States moved
eastward across the Ohio Valley and Great Lakes states
with heights rising rapidly over the eastern United
States. The strong ridging over the eastern United States
and loss of upper confluence yielded a very unfavorable
pattern for snow, but provided a flow regime that ad-
vected warmer air from the south and southwest over
cold low-level air just east of the Appalachian Moun-
tains, creating conditions favorable for a major icing
event.

g. 14–15 January 1999

This ice storm is another case of strong cold-air dam-
ming preceded by a very strong cold anticyclone to the
north of New England. The strong surface high pressure
system and associated cold surface temperatures were
difficult to dislodge east of the Appalachian Mountains
as a large-amplitude upper trough moved eastward from
the Midwest. This event produced heavy snow from
northern Pennsylvania through much of interior New
York (Fig. 11.3-19) and one of the most damaging ice
storms on record in the Washington metropolitan area,
as many homes lost power for several days.

This storm developed during a period in which ENSO
was negative (La Niña) and daily values of the NAO
were positive (not shown), conditions that appear to be
unfavorable for a heavy Northeast snowstorm (see vol-
ume I, chapter 2). Unlike the heavy snow cases, the
surface high north of New England responded to a very
progressive upper trough moving from eastern Canada
to the North Atlantic (Fig. 11.3-20). Upper-level con-
fluent flow over eastern Canada gave way to rapidly
building heights as a ridge developed along the East
Coast and the surface high moved quickly eastward.
While this occurred, cold low-level air drained south-
ward into North Carolina but was not dislodged by a
short-wave trough moving northeastward from the Ohio
Valley and Great Lakes states, although milder air aloft
was advected from the southwest over the shallow, cold
air (see the 850-hPa analyses in Fig. 11.3-20). A coastal
front developed along the mid-Atlantic and New En-
gland coastlines, separating the shallow cold air from
rapidly modifying milder air over the western Atlantic.
Low pressure over the Ohio Valley redeveloped along
the coastal front as warm air moved northeastward along
the coast from Virginia to Massachusetts, changing
freezing rain to rain in those areas. However, shallow
subfreezing air remained west of the frontal boundary,
contributing to a serious ice storm.

As in other cases, the precipitation for this event was
located in the right-rear entrance region of a confluent
jet streak that remained west of the Northeast coast (Fig.
11.3-21). The combination of the ascent pattern asso-
ciated with the jet entrance region, the warming aloft
related to the southwesterly flow and building upper-
level East Coast ridge, and the low-level cold-air dam-
ming produced this major ice storm.
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Tremendous ice storm, Nov 1921. Source unknown.

The National Bank of Washington, D.C., 5 Dec 1957 (courtesy of Kevin Ambrose, Blizzards and Snowstorms of
Washington, D.C., Historical Enterprises, 1993).
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Harvey Cedars, New Jersey, during the Great Atlantic Storm of Mar 1962. Photo by Dorothy Oldham (from Great Storms of the Jersey
Shore, The Shore Publishing Corp. and The SandPaper, Inc., 1993).
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Storm of 11–12 Dec 1992, New Jersey. Photo by Tom Moersh (from Great Storms of the Jersey Shore, The Shore Publishing Corp. and
The SandPaper, Inc., 1993).

Crash of Air Florida Flight 90 into the Potomac River in
Washington D.C.; tail recovered on 19 Jan 1982 (courtesy of Kevin
Ambrose, Washington Weather, Historical Enterprises, 2002).



C H A P T E R 1 1 777D E S C R I P T I O N S O F ‘ ‘ N E A R M I S S ’ ’ E V E N T S

Mooers, New York, Jan 1998 (courtesy of John Ferguson, NWS Office, Burlington, Vermont).
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Chapter 12

EARLY AND LATE SEASON SNOWS

In this chapter, snow events that occur during autumn
or spring and define the margins of the snow season are
described. The primary months for significant snowfall
are December, January, February, and March (see vol-
ume I, chapter 2). However, major snowstorms can oc-
cur with much less regularity in November and April,
and even in some rare instances in October and May.
Most of the snow events occur inland, although there
are cases where measurable snow occurred near the im-
mediate coast. Examples of early and late season events
are provided to illustrate several of the more unusual
storms and to illustrate that, every now and then, wintry
weather can visit the northeast United States early in
the autumn and well into spring.

1. October and November events

Early season snows have occurred in the northern and
hilly sections of the Northeast in September (the highest
peaks in late August), but October is the first month
that accumulating snow has occurred in the Northeast
urban corridor. Ludlum (1966, 1968) provides a sum-
mary of many early snowstorms, with several of the
more significant events summarized here. On 9 October
1804, an intense storm left greater than 20 in. (50 cm)
of snow across western Massachusetts into Vermont and
western New Hampshire, and more than 10 in. (25 cm)
across the Catskills in New York. Another early season
snowstorm occurred in an unusually snowy autumn on
5–6 October 1836, with amounts of 10–20 in. (25–50
cm) across portions of Pennsylvania and central New
York and lesser amounts farther south into Virginia
along the slopes of the Appalachians. Another storm on
3–4 October 1841 brought heavy snows to interior Con-
necticut and Massachusetts and possibly the earliest
snow on record for New York City and Baltimore. Near-
ly 150 years later, a similar storm would occur in the
interior Northeast on 3–4 October 1987, the greatest
October snowstorm of the last half of the 20th century
for the Northeast.

Closer to the coastline, one of the earliest measurable
snows occurred on 8–9 October 1703, when snow was
reported in Philadelphia and was measured at 3–4 in.
(7.5–10 cm) in Boston. A late October storm in 1746
left 10–20 in. (25–50 cm) in the Boston area. New York
City’s heaviest October snowfall occurred on 26 October

1859, when a total of 4 in. (10 cm) was reported. Other
notable October snows occurred in New York City in
1925 and 1972.

In November, interior snows are not a rarity, but major
snowstorms are very rare events, especially in the heavi-
ly populated areas of the Northeast. Examples of major
interior snowstorms include the great Appalachian
Storm of 25 November 1950 (described in chapter 9),
and the storms of 11–12 November 1968 and 24–25
November 1971 (see chapter 11). During the snowy
winter of 1995/96, a major snowstorm affected interior
portions of the Northeast on 14–15 November 1995.
The two most notable early heavy snow events that
affected at least some of the major urban areas include
the storm of 6–7 November 1953 and the ‘‘Veterans’
Day Storm’’ of 11–12 November 1987.

Following are brief summaries of several of these
early season snowstorms.

a. 3–4 October 1987

This storm was the earliest significant snowfall of the
20th century for the Northeast and has been the subject
of studies by Bosart and Sanders (1991) and Gedzelman
and Lewis (1990). Measurable snow fell across interior
eastern New York, western Connecticut, western Mas-
sachusetts, and Vermont (Fig. 12.1-1), accompanied at
times by thunder and lightning. Snowfalls of greater
than 10 in. (25 cm) occurred in New York’s Catskill
Mountains, and the highlands of western Massachusetts,
extreme eastern New York, northwestern Connecticut,
and southern Vermont. Slide Mountain, New York, re-
ported 17 in. (43 cm); Grafton, New York, measured 22
in. (55 cm); and Pownal, Vermont, measured 18 in. (45
cm). Measurable snow fell as far south as coastal Con-
necticut with 0.5 in. (1 cm) at Bridgeport. Power outages
were extensive since trees had a full canopy and tree-
related damage to automobiles and houses was exten-
sive. There were 20 storm-related deaths and more than
300 injuries (Bosart and Sanders 1991).

Surface charts (Fig. 12.1-2) show that the snowstorm
was associated with a front oriented north–south along
the East Coast, in which several areas of weak low
pressure consolidated into a strengthening low pressure
system that moved northward from east of Delaware at
0000 UTC 4 October 1987 to eastern New England at
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FIG. 12.1-1. Total snowfall (in.) for 3–4 Oct 1987. Shading contours are for 10(25) and 20 in. (50 cm). Solid line
represents 4 in. (10 cm) contour. (Snowfall totals were kindly provided by Steve Maleski.)

1200 UTC 4 October. A central pressure of approxi-
mately 1002 hPa was analyzed at 0000 UTC 4 October
and fell 12 hPa to 990 hPa across eastern New England
by 1200 UTC 4 October 1987. As this surface low
moved north into New England, an intense 850-hPa
circulation developed along the 0�C isotherm (Fig. 12.1-
2) with below freezing air well established in east-cen-
tral New York by 0000 UTC 4 October, supporting the
heavy snowfall in that region.

The 500-hPa charts (Fig. 12.1-3) show that the snow-
storm was associated with a deepening, negatively tilted
trough, within which a deep, closed circulation devel-
oped, while the low pressure–frontal system evolved
into a deepening cyclone over New England. There is
some evidence for a distinct polar jet near the base of
the trough off the Massachusetts coast at 500 hPa at
1200 UTC 4 October and a distinct jet entrance region
at 250 hPa downwind of the developing storm within
a north–south-oriented confluent zone over eastern Can-
ada at 0000 and 1200 UTC 4 October. The north–south
confluent zone and jet entrance region over eastern Can-
ada are collocated with a strengthening 850-hPa tem-
perature gradient extending northward from the North-

east into Quebec (Fig. 12.1-2). But, these features de-
veloped as the cyclone intensified and did not serve as
a precursor signal for the impending snow event. Bosart
and Sanders (1991) note that prior to cyclogenesis, low-
er-tropospheric temperatures remained well above 0�C
in the cold air west of the surface front. A cold pool
developed over the snowfall area in New York largely
as a result of cooling by melting snow, allowing heavy
snow to reach low elevations (also see Wexler et al.
1954; Kain et al. 2000).

b. 10 October 1979

One of the earliest measurable snows on record oc-
curred for portions of the Northeast urban corridor on
10 October 1979. For the most part, this was not a heavy
snowstorm but it was the earliest measurable snow dur-
ing the 20th century for a good portion of the middle
Atlantic states and southern New England. The heaviest
snows fell in the mountains of Virginia where 4–10-in.
amounts (10–25 cm) were common (Fig. 12.1-4) with
up to 17 in. (43 cm) of snow measured at Big Meadows,
Virginia. More than 6 in. (15 cm) were reported in north-
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FIG. 12.1-2. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 3 and 4 Oct 1987. Surface maps
include surface high and low pressure centers and fronts. Shading indicates the following: blue, snow; violet, mixed precipitation; and green,
rain. Solid lines are isobars (4-hPa intervals), and dashed lines represent axes of surface troughs not considered to be fronts. The 850-hPa
analyses include contours of geopotential height (solid, at 30-m intervals; 156 � 1560 m), isotherms (dotted, �C, at 5�C intervals; blue, 0�C
and less; red, 5�C and greater), and intervals of wind speed greater than 20 m s�1 (at 5 m s�1 intervals; alternating blue/white shading; red
shading, 40 m s�1).
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FIG. 12.1-3. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 3 and 4 Oct 1987. Twelve-hourly analyses of 500-hPa geopotential height and upper-level wind include locations of
geopotential height maxima (H) or minima (L), contours of geopotential height (solid, at 60-m intervals; 522 � 5220 m), locations of 500-
hPa absolute vorticity maxima (yellow/orange/brown areas beginning at 16 � 10�5 s�1; intervals of 4 � 10�5 s�1), and 400-hPa wind speeds
exceeding 30 m s�1 (at 10 m s�1 intervals; alternate blue/white shading). Analyses of 250-hPa geopotential height and winds (rhs) include
heights (solid at 120-m intervals; 1032�10 320 m), and wind speeds exceeding 50 m s�1 (at 10 m s�1 intervals; alternate blue/white shading).
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FIG. 12.1-4. Total snowfall (in.) for 10–11 Oct 1979. See Fig. 12.1-1 for details.

western Connecticut, central Massachusetts, and central
Maine. Up to 5 in. (13 cm) of the snow fell in the
Maryland suburbs of Washington, and 6.5 in. (16 cm)
fell at Yorktown Heights, New York, just north of New
York City. Measurable snows fell in the following areas:
Worcester, Massachusetts [7.5 in. (18 cm)]; Providence,
Rhode Island [2.5 in. (6 cm)]; Philadelphia, Pennsyl-
vania [2.1 in. (5 cm)]; Wilmington, Delaware [2.5 in.
(6 cm)]; Baltimore, Maryland [0.3 in. (�1 cm)]; Wash-
ington’s National Airport [0.3 in. (� 1 cm)] and Dulles
Airport [1.3 in. (3 cm)]; and Boston, Massachusetts [0.2
in. (� 1 cm)]. The World Series baseball game at Bal-
timore was cancelled due to snow and cold. Numerous
power outages affected many residents and waterspouts
were reported in New York Harbor near the Verrazano
Narrows Bridge because of the extreme instability due
to the cold air over relatively warm waters.

The surface charts (Fig. 12.1-5) show that the snow
was associated with a relatively weak low pressure sys-
tem that developed along a slow-moving cold front with
nearly all the precipitation falling in the cold air behind
the front. At 0000 UTC 10 October, high pressure was
located over western Kansas while a slow-moving cold
front cut across the eastern half of the United States. A

broad band of rain fell to the north of the front as a
weak 1009-hPa low developed over central North Car-
olina. At this time, rain was beginning to mix with and
change to snow and sleet across portions of West Vir-
ginia, as colder air with temperatures below 0�C at 850
hPa slowly moved southwestward toward Virginia on
1200 UTC 10 October.

By 1200 UTC 10 October, the front continued to
move slowly to the southeast with a weak surface low
pressure system (1007 hPa) moving northeastward along
the front. Rain had spread northeastward across the mid-
dle Atlantic states into New York and New England and
quickly mixed with and changed to snow. Snow fell
from the mountains of North Carolina through much of
the central and western middle Atlantic states and south-
ern New England. While 850-hPa analyses (Fig. 12.1-
5) show the snow falling in a region characterized by
a slow drop of 850-hPa temperatures slightly below 0�C,
the occurrence of a large area of snowfall developing
within the precipitation area may be indicative of cool-
ing associated with melting snow (Kain et al. 2000).
During the day, the surface low intensified and moved
offshore and the rains and snows gradually ended from
west to east. By 0000 UTC 11 October, the surface low
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FIG. 12.1-5. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 10 and 11 Oct 1979. See Fig.
12.1-2 for details.



C H A P T E R 1 2 785E A R L Y A N D L A T E S E A S O N S N O W S

FIG. 12.1-6. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 10 and 11 Oct 1979. See Fig. 12.1-3 for details.

was southeast of Nantucket, Massachusetts, and had
deepened to 998 hPa and snows were affecting much
of eastern New England.

The corresponding 500- and 250-hPa charts (Fig.
12.1-6) show a broad upper trough over the central and

eastern United States that moved eastward over 24 h
with little to no amplification during this period. The
precipitation appears to develop within the right-en-
trance region of a jet streak at 400 hPa that extends from
Tennessee to southeastern Canada at 1200 UTC 10 Oc-
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FIG. 12.1-7. Total snowfall (in.) for 6–7 Nov 1953. See Fig. 12.1-1 for details.

tober, with developing snow elongated northeastward
along and just south of the axis of the jet.

c. 6–7 November 1953

This early season snowstorm was known for record-
setting snowfall in Virginia, Maryland, Delaware, Penn-
sylvania, and western New York. Easterly and north-
easterly gales coincided with high tides and produced
severe coastal flooding, with some of the highest tides
on record in the New York City area. The heaviest snows
fell in a band from central Pennsylvania into western
New York where reports of 15 in. (35 cm) of snow or
more were common (Fig. 12.1-7). The greatest snow
total occurred in central Pennsylvania, where 29.8 (74)
and 27.5 in. (69 cm) fell at Lock Haven and Middleburg,
Pennsylvania, respectively.

This storm produced the heaviest early season snow-
storm in the following areas: Richmond, Virginia [7.3
in. (19 cm)]; Washington [6.6 in. (18 cm)]; Baltimore
[5.9 in. (15 cm)]; Wilmington [11.9 in. (30 cm)]; Phil-
adelphia [8.8 in. (22 cm)]; Harrisburg, Pennsylvania
[15.4 in. (39 cm)]; and Williamsport, Pennsylvania [13.1
in. (33 cm)]. Record early season snowfall also affected
southern New Jersey [Millville: 15.5 in. (39 cm)] and

the Chesapeake Bay region [Charlotte Hall, Maryland:
13 in. (33 cm)].

The storm developed with a weak wave of low pres-
sure east of Florida and south of an unusually strong
and cold anticyclone that covered much of the eastern
United States. Early on 6 November, the storm began
to intensify and move north-northeastward off the
Southeast coast. Late on 6 November and early on 7
November the surface low began moving in a more
northerly direction toward Long Island as it developed
rapidly and encountered the strong anticyclone centered
near Maine (Fig. 12.1-8). The storm’s rapid intensifi-
cation and decreasing distance between the low pressure
center and the anticyclone to the north created extensive
northeasterly gales ahead of the storm and combined
with high tides (some of the highest on record) to yield
severe coastal flooding. The intensification of the storm
is also reflected by the significant increase of 850-hPa
circulation on 7 November, with an easterly low-level
jet exceeding 35 m s�1 developing north of the storm
center by 0300 UTC 7 November (Fig. 12.1-8). As the
storm neared Long Island, it began to turn northwest-
ward, and by the morning of 7 November, the center
had passed near New York City before eventually mov-
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FIG. 12.1-8. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1500 UTC 6 and 7 Nov 1953. See Fig.
12.1-2 for details.
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FIG. 12.1-9. Sequence of analyses of (left) 500- and (left) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 11 and 12 Nov 1987. See Fig. 12.1-3 for details.

ing over the Catskill Mountains early in the afternoon
and weakening dramatically.

The storm initially began as a weak disturbance in
the subtropical jet stream (not shown). At the same time,
a developing cutoff low at the 500- and 250-hPa levels

over the Ohio Valley and ridging north of the system
over the Great Lakes provided the upper-air support for
the low pressure system as it moved up the East Coast
and intensified (Fig. 12.1-9). As the cutoff low deepened
over Pennsylvania, the surface low continued to inten-
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FIG. 12.1-10. Snowfall distribution for the Veterans’ Day Snowstorm of 10–11 Nov 1987. Letters A, B, and C refer to
separate bands of snowfall attributed to several distinct periods described in the text. See Fig. 12.1-1 for details.

sify and move slowly to the north and then northwest.
The slow movement of the system and cold upper-level
air associated with the cutoff low both contributed to
the very heavy early season snowfall over central Penn-
sylvania. As the storm developed and slowly turned to
the west toward New York on 7 November, the colder
air penetrated farther south toward the Carolinas. Pre-
cipitation that started as rain across Virginia and North
Carolina late on 5 November began to mix with and
change to snow across interior North Carolina and along
the Virginia–Maryland border by early in the morning
hours on 6 November. By the morning of 6 November,
much of the precipitation across central and eastern
North Carolina and Virginia, Maryland, and Delaware
had changed over to snow. It is also possible that the
widespread changeover from rain to snow was associ-
ated with increasing vertical motions and cooling due
to melting snow especially in the southern most areas
of snowfall (Kain et al. 2000).

d. 10–12 November 1987: The Veterans’ Day Storm

The Veterans’ Day Snowstorm of November 1987
(see Maglaras et al. 1995) was an early season snow-

storm that left 11.5 in. (29 cm) of snow in Washington,
D.C., and up to 18 in. (45 cm) in the eastern and northern
suburbs, the heaviest November snowfall on record and
the earliest major snowstorm since 6–7 November 1953.
Cars and trucks were stranded on roadways during the
storm and some people spent the night in their vehicles.
The 8 in. (20 cm) of snow at Boston was the heaviest
so early in the season and was accompanied by winds
that gusted to 30–50 mi h�1, downing power lines across
much of southeastern Massachusetts.

This storm was a remarkably complex event that oc-
curred in three distinct and sometimes overlapping stag-
es (labeled A, B, and C in Fig. 12.1-10). The first stage
(A) was a moderate band of snowfall with maximum
amounts of 6–12 in. (15–30 cm) that occurred on 10
November 1987 from northern West Virginia into cen-
tral and northeastern Pennsylvania, eastern New York,
and western New England. The second stage (B) was a
mesoscale band of snow that developed over a 6–10-h
period on 11 November 1987, centered on the Wash-
ington area (also see Fig. 6-6, volume I), leaving only
2 in. (5 cm) in the western suburbs, but as much as 17
in. (43 cm) in the eastern suburbs. The snowfall was
accompanied by thunder and lightning related to me-
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soscale processes addressed in chapter 6 of volume I.
The third and final stage (C) was the snowfall over
eastern New England associated with a rapidly devel-
oping cyclone and 850-hPa circulation common to other
snowstorms documented in chapter 10, which produced
8–12 in. (20–30 cm) in Rhode Island and eastern Mas-
sachusetts, one of the heaviest early season snows at
those locations.

The heavy snow was associated with a series of upper-
level short-wave troughs, a favorable jet streak pattern,
and a slow-moving surface front (Figs. 12.1-11 and
12.1-12). The colder air required for the separate snow
events was confined to the northeastern quarter of the
country as the first area of low pressure developed east
of the middle Atlantic states and southern New England
late on 10 November and early on 11 November, and
was perfectly situated from the Carolinas to New Eng-
land at the 850-hPa level to support these three separate
snow events that marked this case (Fig. 12.1-11).

The first band of heavy snow fell on 10 November
as one short-wave trough spawned a weak cyclone that
moved northeastward along the front from Louisiana to
a position off the middle Atlantic and southern New
England coastlines. This first area of heavy snow fell
in the entrance region of an upper-level jet streak along
the northeast U.S.–Canadian border (not shown). As the
trough and related surface cold front moved eastward,
the main short-wave trough (shown in the 500- and 250-
hPa charts in Fig. 12.1-12) began to consolidate by 11
November. The mesoscale band of snow in the Wash-
ington area developed during the morning of 11 No-
vember within a distinct diffluent exit region of a 60–
70 m s�1 jet streak extending to the northeast near the
base of the trough at 250 hPa. This snowfall continued
through the afternoon as a surface low was developing
off the Virginia capes. However, this band developed
and dissipated locally and the axis of heavy snow did
not progress northeastward, as is often observed in other
snowstorms.

As the upper-level trough and associated jet streak
moved northeastward and became negatively tilted be-
tween 0000 and 1200 UTC 12 November, the surface
low deepened rapidly off the southern New England
coast late on 11 and early on 12 November (Fig. 12.1-
11), heavy snows redeveloped in southeastern New Eng-
land, resulting in the snow area (C) in Fig. 12.1-10. This
snowfall episode continued as the main upper-level
trough amplified and cut off as a closed low at 500 hPa
by 1200 UTC 12 November while the surface low con-
tinued to deepen within the diffluent exit region of the
upper-level jet.

e. 26–27 November 1898: The Portland Gale

This rapidly developing snowstorm in November
1898 is well known as one of the most destructive
storms ever to affect the New England coast, as more
than 100 ships (including the steamer Portland ) were

wrecked and sank with the loss of more than 200 lives.
Heavy snows developed from New Jersey to New Eng-
land (Fig. 12.1-13), with the heaviest snows falling
along the immediate coastline accompanied by hurri-
cane force winds. The heaviest snow fell in a band from
New Jersey northeastward across Long Island, Con-
necticut, Rhode Island, most of Massachusetts, southern
New Hampshire, and Maine (with Connecticut record-
ing one of its heaviest snows on record). In the following
locations, reports of 10–20 in. (25–50 cm) of snow were
common: New Haven, Connecticut, 16.8 in. (43 cm);
Atlantic City, New Jersey, 14 in. (36 cm); Portland,
Maine, 16.4 in. (42 cm); and Boston, 12.5 in. (32 cm).
Some amounts exceeded 20 in. (50 cm), including New
London, Connecticut, with 27 in. (69 cm), and Bridge-
port, Connecticut, with 24 in. (61 cm). Winds were re-
ported to be the highest ever recorded at the time at
Block Island, Rhode Island (90 mi h�1, fastest mile);
Woods Hole, Massachusetts (78 mi h�1); and Nantucket
(72 mi h�1).

The only data available for this case are surface anal-
yses, some of which are displayed in Fig. 12.1-13. Prior
to the storm, cold air had spread across much of the
eastern United States and was retreating off the east
coast by early morning on 26 November. As a result of
the cold air already in place, precipitation began as snow
as far south as North Carolina and Virginia, indicating
that the melting processes (Kain et al. 2000) and re-
sultant cooling may not have been as significant of a
contributor to the heavy snow for this case as it was for
the October and early November snows discussed ear-
lier.

A description of the storm in the November 1898
edition of Monthly Weather Review states: ‘‘A distinct
feature of these storms is found in the fact that a de-
velopment of destructive strength begins with a union
at some point off the middle Atlantic or South New
England coasts of two storms, one from the west or
northwest and the other from the South Atlantic coast’’
(Garriot 1898). In the late 19th century, this case was
described as an interesting case of secondary develop-
ment (see volume I, chapter 3). The description of the
storm includes the notion of a surface low ‘‘digging’’
southeastward across the Ohio Valley, as a separate sur-
face low developed and moved northeastward along the
South Atlantic coast and suddenly intensified at the ex-
pense of the weakening primary cyclone.

At 0800 local time (LT) 26 November 1898, two
1008-hPa surface lows over northwestern Ohio and
northern Michigan were located at the leading edge of
a significant cold-air outbreak. Meanwhile, a weak sur-
face low just east of the South Atlantic coast was as-
sociated with light rain and snows over the Carolinas
and Virginia. During 26 November, the Midwest lows
continued south and eastward and weakened while the
Southeast low deepened off the mid-Atlantic coast. By
2000 LT, the surface lows consolidated into one
strengthening surface low east of the mid-Atlantic coast-
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FIG. 12.1-11. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 11 and 12 Nov 1987. See Fig.
12.1-2 for details.
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FIG. 12.1-12. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 11 and 12 Nov 1987. See Fig. 12.1-3 for details.

line. According to newspaper reports, the snows spread
northeastward across the northeast United States late on
26 November in conjunction with the developing coastal
low. The tremendous snow and winds developed at
night, moving into eastern New England by morning.

At this time, the surface low had deepened explosively,
reaching an estimated 972 hPa by 0800 LT 27 Novem-
ber. One interesting report notes clearing skies and calm
winds over eastern Cape Cod between Chatham and
Barnstable during the midmorning of 27 November, ap-
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FIG. 12.1-13. Total snowfall (in.) for the Portland Gale of 26–27 Nov 1898. See Fig. 12.1-1 for details.

parently as the surface low passed over the region, fol-
lowed by the backlash of the storm that brought great
destruction to trees.

2. April and May events

Occasionally, winter hangs on into April and, on rare
occasions, into May. Two April snow events since 1950
have been classified as major snow events and are in-
cluded as part of the 32-case sample in chapter 10 (see
chapters 11.19 and 11.28). Historically, the middle 19th
century also produced several notable snowstorms dur-
ing April. A major storm on 12 April 1841 yielded 10–
12 in. (25–30 cm) of snow in Philadelphia, 18 in. (45
cm) in New York City, 16–18 in. (40–45 cm) at Prov-
idence, and 18–20 in. (45–50 cm) at New Bedford, Mas-
sachusetts. This storm was preceded and followed by
significant snowfall only a few days before and after.
On 14–18 April 1854, a storm that Ludlum describes
as ‘‘one of the great coastal storms of all time’’ produced
great shipping losses; snow from Washington to New
England; 9 in. (22 cm) of snow in Newark, New Jersey;
and over 20 in. (50 cm) of snow across northern and
western New Jersey. Two major snowstorms in April
1857 affected interior New York and Pennsylvania with

snows of 20–40 in. (50–100 cm) or greater. Significant
snows affected the Northeast during April 1873, April
1875, and April 1886.

The most notable April snowstorm of the early 20th
century affected the middle Atlantic states and southern
New England on 3–4 April 1915, when more than 10
in. (25 cm) fell from Virginia to southern coastal New
England. Recent notable April events include the snow-
storm of 6–7 April 1982, which is considered one of
the most anomalous springtime snowfall events since
the intensity and record-breaking cold accompanying
this storm were more typical of January than most of
the wet snows that characterize springtime snowstorms.
The late season storm of 18–19 April 1983 produced
significant snows as far south as North Carolina and
Virginia, and then produced heavy snow amounts across
much of interior New York and Pennsylvania. On 9–10
April 1996, the final event of the snowiest winter season
of the 20th century generated heavy snows across cen-
tral and southern New Jersey, Long Island, Connecticut,
Rhode Island, and Massachusetts. The snowstorm of 31
March–1 April 1997 produced some of the heaviest
snows on record across portions of interior southeastern
New York and Massachusetts, including 33 in. (84 cm)
at Worcester and 25.4 in. (65 cm) at Boston, the third
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FIG. 12.1-14. Sequence of surface charts for the 24-h period
between 1200 UTC 26 and 27 Nov 1898.

greatest snowstorm in its history and greatest 24-h
snowfall. A late season snowstorm on 9–10 April 2000
affected the Washington metropolitan area through New
York City and much of interior New York. In Wash-
ington, afternoon temperatures fell from 80�F (26�C) in
the afternoon to the low 30s [�F (0�C)] overnight with
heavy wet snow.

May has also had its share of rare snowfall events as
well. On 3–4 May 1812, snow fell in Philadelphia and
fell heavily in New York and New England. No mention
is made of accumulation in New York City but 4 in.
(10 cm) of snow were reported in Boston and amounts
exceeding 10 in. (25 cm) were reported from interior
New England. On 15–16 May 1834, a major storm left
6 in. (15 cm) at Erie, Pennsylvania; 4 in. (10 cm) at
Rochester, New York; and 10 in. (25 cm) at Bradford,
Pennsylvania, before intensifying over northern New
England. Burlington, Vermont, received 12 in. (30 cm),
while northeastern Vermont reported amounts exceeding
20 in. (50 cm). Snow showers extended as far southward
as the Boston area and New York City with a hard freeze
as far south as Washington. More recent events include
28–29 April 1987 over eastern New England, 17 May
1973 and 19 May 1976 over central New York, and 25
May 1967 across northern portions of New England.
One of the most interesting late season snowfall events
occurred over portions of the Northeast on 9 May 1977
when a coastal cyclone off New England yielded snow-
flakes along the mid-Atlantic coast and record-setting
accumulating snow in Boston, Providence, and Worces-
ter. Finally, the latest measurable snow on record visited
Binghamton and Albany, New York, on 18 May 2002,
and up to 8 in. (20 cm) fell in the Catskill Mountains.

During 1816, the infamous ‘‘year without a summer,’’
snow fell in interior portions of New York and New
England during June! Snow accumulated at higher el-
evations of northern New England on 6–8 June and
snow showers extended to coastal Maine, the Berkshire
Mountains of Connecticut and Massachusetts, New
York’s Catskill Mountains (where an inch was reported),
and a few flakes were observed in the Boston suburbs.
The latest general snow event occurred on 11 June 1842
when up to 12 in. (30 cm) fell in northern New England
and snow was observed in the Boston area, the Penn-
sylvania and Maryland Appalachians, and at Harrisburg.
In Philadelphia, snowflakes were reported as late as 1
June 1843. In New York City, the latest report is from
25 May 1845. Snowflakes have been reported on the
highest peaks in the Northeast even into July. Brief case
histories of several late season snowstorms are now pro-
vided below, with the April 1982 and 1997 cases dis-
cussed in detail in chapter 10.

a. 3–4 April 1915

The Easter storm of 3–4 April 1915 brought heavy
snows to the coastal regions of the middle Atlantic states
and southern New England, breaking April records from
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FIG. 12.2-1. Total snowfall (in.) for 3–4 Apr 1915. See Fig. 12.1-1 for details.

North Carolina to New York (Fig. 12.2-1). The greatest
amount of snow reported from the storm was 21.2 in.
(54 cm) at Clayton, New Jersey, and 19.4 in. (49 cm)
at Philadelphia, its fourth greatest snowfall on record.
As much as 10 in. (25 cm) of snow or greater was
common from interior North Carolina, to eastern Vir-
ginia, eastern Maryland, Delaware, New Jersey, south-
eastern New York, and portions of Connecticut. The
storm was especially intense off the middle Atlantic
coast and maximum winds (fastest miles) were exces-
sive: 62 mi h�1 at Norfolk, 62 mi h�1 at New York, 65
mi h�1 at Block Island, and 79 mi h�1 at Nantucket.
This storm is easily the greatest April snowstorm on
record for region stretching from the coast of Virginia
to New Jersey. No other snowstorm occurred in the
middle Atlantic region so late in the season during the
rest of the 20th century.

The surface maps show that the storm developed in
the eastern Gulf of Mexico as a large late season out-
break of relatively cold air covered all of the eastern
United States in late March and early April (Fig. 12.2-
2). A 1010-hPa surface low was located over Florida
early on 2 April, which intensified rapidly and moved

slowly northeastward to a position off Cape Hatteras
early on 3 April where its central pressure is estimated
at 975–980 hPa. In the following 24 h, the storm con-
tinued northeastward, apparently far enough offshore to
keep snows away from much of the interior of the North-
east and appeared to weaken. Snowfall amounts in New
England were less than those over the middle Atlantic
states.

b. 9–10 April 1996

The last significant snowstorm of the long winter of
1995/96 produced snowfall in excess of 10 in. (25 cm)
across Long Island, eastern Connecticut, Rhode Island,
Massachusetts, New Hampshire, and Maine (Fig. 12.2-
3). A few locations in Massachusetts, northern Rhode
Island, and southern New Hampshire reported over 20
in. (50 cm) of snow from the storm. Where precipitation
was only light to moderate, the snow either did not
accumulate much or mixed with rain. However, in those
areas where the precipitation fell heavily, it fell in the
form of snow and accumulated rapidly. In New York
City, the light to moderate snow accumulated slowly to
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FIG. 12.2-2. Sequence of surface charts for 3–4 Apr 1915.

only about an inch (2.5 cm) but in the eastern sections
of the city, heavier snow fell with as much as 6 in. (15
cm) near the city’s eastern limits. Accumulations include
12.6 in. (32 cm) at Brookhaven National Laboratory on
Long Island, 16.0 in. (41 cm) at Worcester, and 15.0 in.
(38 cm) at Blue Hill Observatory in Milton, Massa-
chusetts.

The surface map (Fig. 12.2-4) shows that the storm
system developed as a large cyclonic circulation ap-
peared to consolidate into one major low pressure sys-
tem near the North Carolina coastline by 1200 UTC 9
April. High pressure was located over the central United
States but, unlike other cases of major snowstorms, the
high pressure did not extend into New England as lower
pressure dominated the eastern third of the country.
Colder, subfreezing air can be found under the north-
eastern quarter of the United States at the 850-hPa level
(Fig. 12.2-4).

By 0000 UTC 10 April, the surface low consolidated
off the Carolina coastline and was developing rapidly
into a significant cyclone east of the Delaware coast
with a central pressure near 994 hPa, accompanied by
an increasingly intense, but small circulation pattern at
850 hPa (Fig. 12.2-4). The surface low continued to
deepen overnight and was located over southeastern
New England with a central pressure near 984 hPa by
1200 UTC 10 April. Heavy snows developed across
portions of eastern New Jersey and Long Island late on
9 April and then spread northeastward into much of
eastern New England.

The storm developed in an upper-level regime dom-
inated by a blocking ridge over Newfoundland (consis-
tent with daily values of the NAO that were negative
prior to and during the development of the storm; not
shown; also see volume I, chapter 2) that appeared to
suppress short-wave trough systems to its south (Fig.
12.2-5). An upper cutoff low developed over the Great
Lakes region on 8–9 April, with a number of short-wave
troughs spinning around the low. One major short-wave
and associated jet streak reoriented the upper vortex and
focused a diffluent exit region of the jet over the East
Coast (evident at both the 400- and 250-hPa levels),
appearing to support the intensification of the surface
cyclone along the East Coast by 0000 UTC 10 April.
The low deepened fairly rapidly by over 20 hPa from
1200 UTC 9 April to 984 hPa by 1200 UTC 10 April,
while the heavy, wet snow was accompanied by 40–50
mi h�1 wind gusts in eastern New England as the entire
system moved slowly up the coast.

c. 18–19 April 1983

The April 1983 snowstorm occurred only one year
after one of the great April snowstorms of the century
occurred (see chapter 10.19). Most of the heavy snow
fell inland with this storm but it is an unusual case of
a particularly late season event that yielded as much as
6 in. (15 cm) of snow across portions of North Carolina
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FIG. 12.2-3. Total snowfall (in.) for 9–10 Apr 1996. See Fig. 12.1-1 for details.

and southeastern Virginia before affecting the North-
east. Accumulating snow also fell along the New Jersey
and New York coasts with up to 3 in. (7.5 cm) across
Long Island. Accumulations of 10–20 in. (25–50 cm)
were common in northeastern Pennsylvania and south-
central New York (Fig. 12.2-6). Heaviest snows fell
across interior Pennsylvania and New York with Scran-
ton, Pennsylvania, reporting 19.6 in. (50 cm), its fifth
heaviest snowfall on record (see the appendix in volume
I). Many stations in eastern Pennsylvania reported that
this snowstorm was the heaviest so late in the season.
Stalled vehicles and hazardous driving conditions re-
sulted in the closure of a number of major highways
with travelers seeking refuge.

Surface charts (Fig. 12.2-7) show the eastern half of
the United States under the domination of an unusually
cold late season high pressure system centered over
northern Canada, extending southward to the Gulf coast
at 0000 UTC 19 April. A complex series of low pressure
systems began to consolidate into one center near the
North Carolina coastline by 0000 UTC. This low pres-
sure system then intensified as it moved slowly north-
ward off the New Jersey coast at 1200 UTC 19 April,
deepening from 999 to 990 hPa. It then curved to the

north-northwest near southwestern Connecticut by 0000
UTC 20 April with a central sea level pressure near 985
hPa. The intensifying surface low was accompanied by
an expanding and intensifying 850-hPa circulation (Fig.
12.2-7) that became centered on the New Jersey coast
by 0000 UTC 10 April with subzero temperatures (�C)
at 850 hPa over most of the eastern half of the country.

Snow developed over southeastern Virginia and
northeastern North Carolina late on 18 April. The snow
then spread northeastward across New Jersey, eastern
Pennsylvania, New York, and much of central and west-
ern New England by the morning of 19 April. Heaviest
snows developed in Pennsylvania and New York on 19
April and continued into the night as the surface low
continued to deepen and stalled off the New Jersey
coast.

The development of this storm is similar to the April
1996 case described earlier in that a major cutoff low
at 500 and 250 hPa dominated the northeastern United
States during the precyclogenetic period and a down-
stream ridge was located just east of Labrador in the
precyclogenetic phase (Fig. 12.2-8). The storm occurred
during the start of a 10-day period in which the NAO
had transitioned from positive to negative (not shown;
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FIG. 12.2-4. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 9 and 10 Apr 1996. See Fig.
12.1-2 for details.
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FIG. 12.2-5. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 1200 UTC 9 and 10 Apr 1996. See Fig. 12.1-3 for details.

also see volume I, chapter 2). As a short-wave feature
rotated around the western and southern portions of the
500-hPa closed low, a strongly negatively tilted trough
evolved over the middle Atlantic states by 1200 UTC
19 April (Fig. 12.2-8), with the surface low developing

in the diffluent exit region of a jet streak over the mid-
Atlantic region.

Storms such as these are not the classic heavy snow
producers in that the upper-level confluent zone seems
to play less of a role than the presence of a deep cutoff
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FIG. 12.2-6. Total snowfall (in.) for 18–19 Apr 1983. See Fig. 12.1-1 for details.

low, and there is no strong surface anticyclone located
over the Northeast. These snowstorms are associated
with pools of deep, cold tropospheric air that are cut
off from the main synoptic-scale jet stream. The de-
velopment of heavy snowfall occurs as a major cyclone
develops along the coast and moves very slowly north-
eastward along the eastern edge of the cutoff low, up-
stream of the blocking ridge.

d. 9–10 May 1977

The 9–10 May 1977 snowstorm is a particularly
unique situation since heavy snow fell so late into spring
with few historical precedents (see the beginning of the
chapter). Record late season snow fell in New York and
New England with some astounding totals, including
12.7 in. (32 cm) at Worcester and 7.5 in. (19 cm) at
Providence, the only measurable snow to fall in May
during the 20th century. Throughout New York and
southern New England, extensive tree and shrub damage
was reported, with 100 000 and 500 000 people without
power in Rhode Island and Massachusetts, respectively.
In the higher elevations of the Catskills and Berkshires,
snowfall amounts of 10–20 in. (25–50 cm) were com-
mon with a few greater amounts being reported (Fig.

12.2-9). Even along the coastline, Boston recorded its
latest measurable snow with 0.5 in. (1.3 cm) and New
York City reported the latest snowflakes recorded in
modern times. Without the perspective provided from
the historical accounts of cases in the 18th and 19th
centuries, this case would look like a one-of-a-kind
anomaly. As we have seen, however, the month of May
(and during one year at least, the month of June) is still
capable of providing a few wintry reminders, especially
over northern and interior locations.

Surface charts (Fig. 12.2-10) show an impressive cold
front accompanied by several low pressure centers drop-
ping southward across the Midwest and Northeast late
on 8 May. A strong surface anticyclone associated with
temperatures near 0�C over a large portion of south-
eastern Canada followed the passage of the cold front.
The cold front passage was accompanied by very strong,
gusty winds and thunderstorms that developed from
Pennsylvania southward. Wind gusts up to 40–50 mi h�1

downed power lines and trees throughout western Penn-
sylvania. In Maryland, 50–70 mi h�1 wind gusts also
downed trees, disrupting power and blocking roads. As
the cold front continued southward, low pressure re-
mained stalled over southern New England early on 9
May while a new low pressure center developed farther
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FIG. 12.2-7. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 0000 UTC 19 and 20 Apr 1983. See Fig.
12.1-2 for details.
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FIG. 12.2-8. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 19 and 20 Apr 1983. See Fig. 12.1-3 for details.

southeastward over the western Atlantic Ocean. During
this period a cold pool of air with subfreezing temper-
atures (�5�C) at 850 hPa (Fig. 12.2-10) dropped south-
ward over the Northeast as a small circulation intensified
along the New England coast. Rain changed to snow

across interior New York and southern New England
during the night and continued during the day, mixing
with rain at lower elevations. By late on 9 May, this
low pressure center became the primary storm system.

This was another example of the amplification and
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FIG. 12.2-9. Total snowfall (in.) for 9 May 1977. See Fig. 12.1-1 for details.

closing off of a short-wave trough that spawns a surface
cyclone along the New England coast. The 500- and
250-hPa charts (Fig. 12.2-11) show the cold front was
associated with a strongly amplifying upper trough
plunging southward from eastern Canada at 0000 UTC
9 May and developing into a cutoff low near New York
City by 1200 UTC 9 May and just south of southern
New England by 0000 UTC 10 May. There is evidence
from this reanalysis of a small-scale jet maximum near
the base of the trough at 0000 UTC 9 May and this
maximum is identifiable by 0000 UTC 10 May at both
400 and 250 hPa. The surface low deepened off the
New England coast within the exit region of this jet as
this trough amplified and eventually cut off, providing
the support for the developing low and sustaining the
cold air aloft that led to the late season snowfall.

3. Summary

An examination of a number of early and late season
snow events points to some common characteristics with
their winter season counterparts described in chapter 10.

The similarities are basic in that these cases involve a
deep surface low pressure system and a source of un-
seasonably cold air. However, the differences between
these cases and snowstorms that occur during the more
typical December–March period are significant. Several
of these early and late season cases do not involve the
presence of a strong high pressure system to the north
of New York and New England to provide the source
of the cold air needed for snow. In the cases of 3–4
October 1987, 6–7 November 1953, 11–12 November
1987, 31 March–1 April 1997 (see chapter 10.28), 9–
10 April 1996, 18–19 April 1983, and 9–10 May 1977,
the snow was associated with a deepening upper-level
trough that evolved into a closed low at 500 and 250
hPa and with the development of a deep pool of cold
air aloft. Only the case of November 1953 appears to
involve a large anticyclone associated with an upper-
level confluent zone and moving short-wave trough over
extreme eastern Canada. The relatively minor snow-
storm of 10–11 October 1979 was associated with a
low-amplitude upper trough associated with a strong
confluent jet stream at 500 and 400 hPa, and a weak
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FIG. 12.2-10. Sequence of (left) surface and (right) 850-hPa charts for the 24-h period between 1200 UTC 9 and 10 May 1977. See Fig.
12.1-2 for details.
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FIG. 12.2-11. Sequence of analyses of (left) 500- and (right) 250-hPa geopotential height and upper-level wind fields for the 24-h period
between 0000 UTC 9 and 10 May 1977. See Fig. 12.1-3 for details.

surface high pressure center that extended eastward into
the northeast United States during the snow event.

Another aspect of the early and late season snowfalls
is an apparent role of melting snow to cool the atmo-
sphere in the early stages of the storm and the subse-

quent changeover from rain to snow (Kain et al. 2000;
Gedzelman and Lewis 1990). This factor appears to be
important in the cases of 3–4 October 1987, 10–11 Oc-
tober 1979, 6–7 November 1953, and 9–10 May 1977,
in which temperatures at 850 hPa were generally near
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or above 0�C at the onset of precipitation, beginning as
rain, and then fell to near 0�C as the precipitation be-
came heavier, and subsequently changed over to all
snow. Several cases noted in this section are character-
ized by the changeover to snow as the precipitation
intensity increased, with localized heavy snows gener-
ally found in higher elevations and inland locations.

Some of the unique aspects of several cases are sum-
marized as follows. The snowstorm of 3–4 April 1915
is much like a classic snowstorm in that there is a rapidly
deepening surface low pressure system off the mid-At-
lantic states and the presence of an anticyclone to the
northwest of the Northeast urban corridor. The snow-
storm of November 1898 appears to be a classic example
of trough ‘‘merging’’ or phasing (see volume I, chapter
4.3a) as a low pressure system over the Midwest dove
southeastward and a weak surface low moved north-
eastward along the Southeast coast. The Midwest low
pressure system quickly diminished as the Southeast low
pressure system strengthened rapidly off the Northeast
coast and developed into a very intense cyclone on 27
November. The case of 10–12 November 1987 was a
complex combination of features involving a slowly am-
plifying upper-level trough across the eastern United
States. In this case, one moderate snow event over the

Northeast on 10 November was followed by the de-
velopment of a mesoscale area of snowfall in the Wash-
ington area on 11 November, which was then followed
by the development of heavy snow with a rapidly deep-
ening cyclone off the New England coast early on 12
November.

In summary, early and late season snowstorms are
rare events that develop in a manner similar to the major
snowstorms described in chapter 10 in that they are
directly related to intense cyclones that develop near
and off the East Coast. However, these cases have char-
acteristics that are distinctly different from their winter
season counterparts in that the source of cold air is often
linked directly to a deepening upper-level trough or a
melting process in which falling snow cools the at-
mosphere sufficiently to change rainfall at the surface
to snow. In these cases, the presence of a strong surface
anticyclone does not appear to be a common charac-
teristic. Yet, the results are the same with heavy snow
falling in a relatively short period of time that can par-
alyze a portion of the Northeast, usually in a manner
that can surprise a population ready for an early season
snowfall, or tease the same population anticipating an
early spring by a late season snowfall.
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Josh Kocin, the coauthor’s son, in Silver Spring, Maryland, 11 Nov 1987.

Matt Kocin, the coauthor’s son, at NASA/Goddard Spaceflight
Center, Greenbelt, Maryland, 12 Nov 1987.
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A tree down in Albany, New York, on 4 Oct 1987 (from Weatherwise Magazine,
The American Meteorological Society, 1990).
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Snow on pumpkins. Berwyn, Pennsylvania, 10 Oct 1979 (photo
by Sam Sandor, from The Philadelphia Area Weather Book, Temple
University Press, 2002, p. 151).
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Lilacs in the snow in Albany, New York, 18 May 2002 (photo by Brian King, courtesy of the Department of Computer Science,
Albany, New York).
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APPENDIX

Seasonal Snowfall Statistics

Comprehensive snowfall statistics are included for Boston, Massachusetts; New York, New York; Philadelphia, Pennsylvania; Baltimore,
Maryland; and Washington, D.C., through the 2006/07 winter season. The listing includes snowiest months of record, the 10 snowiest and
least snowy seasons on record, and the 10 greatest snowstorms. Also included are listings of all seasonal snow totals and a summary of all
snowstorms exceeding 25 cm. A less comprehensive listing of snowfall statistics is also provided for 29 other sites in the Northeast, including
mean seasonal snowfall (1971–2000), the snowiest months, the 10 snowiest seasons, 10 least snowy seasons, and the 10 greatest snowstorms.

Boston snowfall
(1872/73–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

1.1
17.8
27.9
43.1
41.6
38.9
28.3
0.5

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

2005
1898
1970
2005
2003
1993
1873
1977

107.6
96.4
96.3
89.2
86.6
85.1
83.9
79.2
73.4
73.1

1995/96
1873/74
1993/94
1947/48
2004/05
1977/78
1992/93
1915/16
1919/20
1903/04

9.0
10.0
10.3
12.7
14.9
15.1
15.5
17.1
18.1
19.0

1936/37
1875/76
1972/73
1979/80
1994/95
2001/02
1988/89
2006/07
1985/86
1888/89

27.6
27.1
26.3
25.4
22.5
21.5
19.8
19.4
18.7
18.2
18.2

17–18 Feb 2003
6–7 Feb 1978

24–27 Feb 1969
31 Mar–1 Apr 1997
22–23 Jan 2005
20–21 Jan 1978
3–5 Mar 1960

16–17 Feb 1958
8–10 Feb 1994

20–22 Dec 1975
7–8 Jan 1996

Seasonal snowfall

Season In. Season In. Season In. Season In.

1869/70
1870/71
1871/72
1872/73
1873/74
1874/75
1875/76
1876/77
1877/78
1878/79

44.3
49.1
96.4
50.0
10.0
42.3
27.7
43.4

1879/80
1880/81
1881/82
1882/83
1883/84
1884/85
1885/86
1886/87
1887/88
1888/89

54.2
56.8
40.4
38.9
66.0
24.3
36.0
73.0
41.2
19.0

1889/90
1890/91
1891/92
1892/93
1893/94
1894/95
1895/96
1896/97
1897/98
1898/99

39.1
59.3
43.5
67.3
64.0
47.2
38.9
43.2
51.9
71.1

1899/00
1900/01
1901/02
1902/03
1903/04
1904/05
1905/06
1906/07
1907/08
1908/09

25.0
17.5
44.1
42.0
73.1
44.9
37.6
67.9
26.2
20.1

1909/10
1910/11
1911/12
1912/13
1913/14
1914/15
1915/16
1916/17
1917/18
1918/19

37.0
40.6
31.6
19.4
39.4
22.3
79.2
54.2
45.7
21.1

1919/20
1920/21
1921/22
1922/23
1923/24
1924/25
1925/26
1926/27
1927/28
1928/29

73.4
34.1
37.6
68.5
32.3
21.4
38.3
60.3
20.8
45.5

1929/30
1930/31
1931/32
1932/33
1933/34
1934/35
1935/36
1936/37
1937/38
1938/39

31.4
40.8
24.2
40.6
62.7
45.4
29.5

9.0
45.7
40.2

1939/40
1940/41
1941/42
1942/43
1943/44
1944/45
1945/46
1946/47
1947/48
1948/49

37.7
47.8
24.0
45.7
27.7
59.2
50.8
19.4
89.2
37.1

1949/50
1950/51
1951/52
1952/53
1953/54
1954/55
1955/56
1956/57
1957/58
1958/59

31.9
29.7
39.6
29.8
23.6
25.1
60.9
52.0
44.7
34.1

1959/60
1960/61
1961/62
1962/63
1963/64
1964/65
1965/66
1966/67
1967/68
1968/69

40.9
61.5
44.7
30.9
63.0
50.4
44.1
60.1
44.8
53.8

1969/70
1970/71
1971/72
1972/73
1973/74
1974/75
1975/76
1976/77
1977/78
1978/79

48.8
57.3
47.5
10.3
36.9
27.6
46.6
58.5
85.1
27.5

1979/80
1980/81
1981/82
1982/83
1983/84
1984/85
1985/86
1986/87
1987/88
1988/89

12.7
22.3
61.8
32.7
43.0
26.6
18.1
42.5
52.6
15.5

1989/90
1990/91
1991/92
1992/93
1993/94

39.2
19.1
22.0
83.9
96.3

1994/95
1995/96
1996/97
1997/98
1998/99

14.9
107.6

51.9
25.6
36.4

1999/2000
2000/01
2001/02
2002/03
2003/04

24.9
45.9
15.1
71.3
39.4

2004/05
2005/06
2006/07

86.6
39.9
17.1
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Boston snowfall (1872/73–2006/07)

Snowstorms exceeding 10 in. (25 cm)

1890/99 1930/39 1970/79
12.2
10.2
11.5
14.7
10.2
10.0
12.5
16.0

1900/09
14.2
11.8
11.0
10.5
13.7
12.3

1910/19
12.0
15.0
11.2

1920/29
10.1
12.0
16.5
13.2
13.1
11.3
12.0

1–4 Mar 1892
18 Feb 1893
12–13 Feb 1894
28 Jan 1897
12–13 Feb 1897

1 Feb 1898
27–28 Nov 1898
12–14 Feb 1899

16–17 Feb 1903
2–3 Jan 1904
7–8 Jan 1904

24–26 Jan 1905
5–6 Feb 1907

26–27 Dec 1909

2–3 Feb 1916
11–13 Feb 1916

3–5 Mar 1917

23–25 Jan 1920
5 Feb 1920

20–21 Feb 1921
4–5 Feb 1926
4–6 Dec 1926

19–21 Feb 1927
20–21 Feb 1929

10.5
15.0
12.4
12.0
11.0
11.1

1940/49
14.0
12.0
13.3
10.8
14.0
10.3
10.6

1950/59
10.3
11.7
13.3
19.4

1960/69
19.8
13.0
12.3
14.4
10.0
10.1
10.9
11.1
26.3

11 Feb 1933
20 Feb 1934
23–24 Jan 1935
18–20 Jan 1936
13 Jan 1938
12–13 Mar 1939

13–14 Feb 1940
24–25 Jan 1941
27–29 Jan 1943
19–21 Mar 1944
8–9 Feb 1945

19–20 Dec 1945
24–25 Jan 1948

17–18 Feb 1952
7–9 Jan 1953

19–20 Mar 1956
16–17 Feb 1958

3–5 Mar 1960
12 Dec 1960
19–20 Jan 1961
4 Feb 1961

24–25 Dec 1961
19–21 Feb 1964
5–7 Mar 1967
9–10 Feb 1969

24–27 Feb 1969

12.7
10.9
11.3
18.2
12.1
11.3
13.8
21.4
27.1

1980/89
12.9
12.7
13.3
13.5

1990/99
12.8
16.2
18.7
12.0
12.6
18.2
12.4
25.4

2000–
11.0
27.6
16.9
22.5
17.5

22–24 Dec 1970
9–10 Jan 1974
2–3 Feb 1974

20–22 Dec 1975
11–12 Jan 1976
29 Dec 1976
7 Jan 1977

20–21 Jan 1978
6–7 Feb 1978

5–6 Dec 1981
13–15 Jan 1982
6–7 Apr 1982

11–12 Feb 1983

13–14 Mar 1993
6–8 Jan 1994
8–10 Feb 1994

19–21 Dec 1995
2–3 Jan 1996
7–8 Jan 1996
5–8 Mar 1996

31 Mar–1 Apr 1997

7 Feb 2003
17–18 Feb 2003
5–6 Dec 2003

22–23 Jan 2005
12 Feb 2006

Period Mean snowfall (in.)

1870/99
1900/99
1870/99
1900/49
1950/99
1971–2000
Maximum
Minimum

42.5
41.3
47.8
40.6
42.0
41.6

107.6 (1995/96)
9.0 (1936/37)
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New York City (Central Park) snowfall
(1869/70–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

0.8
19.0
29.6
27.4
27.9
30.5
13.5

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1898
1947
1925
1934
1896
1875
1977*

75.6
63.2
60.4
60.3
55.9
54.7
53.2
53.2
52.0
51.5

1995/96
1947/48
1922/23
1872/73
1898/99
1960/61
1993/94
1906/07
1933/34
1966/67

2.8
3.5
3.8
5.3
5.5
8.1
8.1
9.1

11.3
11.5

1972/73
2001/02
1918/19
1931/32
1997/98
1877/78
1988/89
1900/01
1941/42
1954/55

26.9
26.4
20.9
20.2
19.8
18.1
17.8
17.7
17.6
17.5

11–12 Feb 2006
26–27 Dec 1947
11–13 Mar 1888
7–8 Jan 1996

16–17 Feb 2003
7–8 Mar 1941

17–18 Feb 1893
6–7 Feb 1978

11–12 Feb 1983
22–24 Jan 1935

* In earlier years.

Seasonal snowfall

Season In. Season In. Season In. Season In.

1869/70
1870/71
1871/72
1872/73
1873/74
1874/75
1875/76
1876/77
1877/78
1878/79

27.8
33.1
14.1
60.3
36.9
47.9
18.3
40.4

8.1
35.7

1879/80
1880/81
1881/82
1882/83
1883/84
1884/85
1885/86
1886/87
1887/88
1888/89

22.7
35.5
31.4
44.0
43.1
34.2
20.8
32.9
45.6
16.5

1889/90
1890/91
1891/92
1892/93
1893/94
1894/95
1895/96
1896/97
1897/98
1898/99

24.3
28.8
25.4
49.7
36.1
27.0
46.3
43.6
21.1
55.9

1899/1900
1900/01
1901/02
1902/03
1903/04
1904/05
1905/06
1906/07
1907/08
1908/09

13.4
9.1

30.0
28.7
32.2
48.1
20.0
53.2
33.4
20.3

1909/10
1910/11
1911/12
1912/13
1913/14
1914/15
1915/16
1916/17
1917/18
1918/19

27.2
25.2
29.5
15.3
40.5
28.8
50.7
50.7
34.5

3.8

1919/20
1920/21
1921/22
1922/23
1923/24
1924/25
1925/26
1926/27
1927/28
1928/29

47.6
18.6
27.8
60.4
27.5
29.6
32.4
22.3
14.5
13.8

1929/30
1930/31
1931/32
1932/33
1933/34
1934/35
1935/36
1936/37
1937/38
1938/39

13.6
11.6
5.3

27.0
52.0
33.8
32.2
15.6
15.1
37.3

1939/40
1940/41
1941/42
1942/43
1943/44
1944/45
1945/46
1946/47
1947/48
1948/49

25.7
39.0
11.3
29.5
23.8
27.1
31.4
30.6
63.2
46.6

1949/50
1950/51
1951/52
1952/53
1953/54
1954/55
1955/56
1956/57
1957/58
1958/59

13.8
11.6
19.7
15.1
15.8
11.5
33.5
21.9
44.7
13.9

1959/60
1960/61
1961/62
1962/63
1963/64
1964/65
1965/66
1966/67
1967/68
1968/69

39.2
54.7
18.1
16.3
44.7
24.4
21.4
51.5
19.5
30.2

1969/70
1970/71
1971/72
1972/73
1973/74
1974/75
1975/76
1976/77
1977/78
1978/79

25.6
15.5
22.9
2.8

23.5
13.1
17.3
24.5
50.7
29.4

1979/80
1980/81
1981/82
1982/83
1983/84
1984/85
1985/86
1986/87
1987/88
1988/89

12.8
19.4
24.6
29.2
25.4
24.1
13.0
23.1
19.1
8.1

1989/90
1990/91
1991/92
1992/93
1993/94

13.4
24.9
12.6
24.5
53.4

1994/95
1995/96
1996/97
1997/98
1998/99

11.8
75.6
10.0
5.5

12.7

1999/2000
2000/01
2001/02
2002/03
2003/04

16.3
35.0
3.5

49.3
42.6

2004/05
2005/06
2006/07

41.0
40.0
12.4
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Snowstorms exceeding 10 in. (25 cm)

1880/89 1920/29 1970/79
11.9
20.9
10.0

8 Jan 1886
11–13 Mar 1888
20–21 Mar 1889

17.5
12.2
10.0
11.6

4–7 Feb 1920
20 Feb 1921
2–3 Jan 1925
9–10 Feb 1926

13.6
17.7
12.7

19–20 Jan 1978
6–7 Feb 1978

19 Feb 1979

1890/99 1930/39 1970/79
14.0
15.4
17.8
14.0
15.2
10.5
10.0
15.5

1900/09
10.9
10.5
10.7
10.2
10.1

1910/19
14.6
11.8
14.5
10.2
12.2

26–27 Dec 1890
16–18 Mar 1892
17–18 Feb 1893
12–13 Feb 1894
25–27 Feb 1894
15–16 Mar 1896
27–28 Jan 1897
12–14 Feb 1899

16–17 Feb 1900
15–17 Feb 1903

4–5 Feb 1907
23–24 Jan 1908
25–26 Dec 1909

14–15 Jan 1910
24 Dec 1912

1–2 Mar 1914
3–4 Apr 1915

14–15 Dec 1916

10.0
10.2
17.5

1940/49
11.8
10.1
11.6
26.4
16.7

1950/59
13.5
11.8
13.7

1960/69
14.2
15.2
17.4
12.5
15.2
15.3

26–27 Dec 1933
25–27 Feb 1934
22–24 Jan 1935

7–8 Mar 1941
11–12 Feb 1944
20–21 Feb 1947
26–27 Dec 1947
19–20 Dec 1948

18–19 Mar 1956
20–21 Mar 1958
21–22 Dec 1959

3–4 Mar 1960
11–12 Dec 1960
3–4 Feb 1961

12–13 Jan 1964
6–7 Feb 1967
9–10 Feb 1969

13.6
17.7
12.7

1980/89
17.6

1990/99
10.8
12.8
10.8
20.2
10.6

2000–
12.0
19.8
14.0
10.3
13.8
26.9

19–20 Jan 1978
6–7 Feb 1978

19 Feb 1979

11–12 Feb 1983

12–13 Mar 1993
11 Feb 1994
4 Feb 1995
7–8 Jan 1996

16–17 Feb 1996

30 Dec 2000
16–17 Feb 2003
5–6 Dec 2003

27–28 Jan 2004
22–23 Jan 2005
11–12 Feb 2006

Period Mean snowfall

1870/99
1900/99
1870/99
1900/49
1950/99
1971–2000
Maximum
Minimum

28.6
27.0
33.6
29.2
24.7
22.0

75.6 (1995/96)
2.8 (1972/73)
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Philadelphia snowfall
(1884/85–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.2
13.4
22.4
34.6
31.5
15.2
19.4

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1940
1898
1909
1996
1899
1914
1915
1963

65.5
55.4
54.9
49.1
46.3
44.3
43.9
43.8
41.8
40.2

1995/96
1898/99
1977/78
1960/61
2002/03
1966/67
1917/18
1904/05
1957/58
1978/79

T
0.8
1.9
3.3
4.1
4.5
4.6
4.7
5.1
6.2

1972/73
1997/98
1949/50
2001/02
1930/31
1918/19
1950/51
1991/92
1958/59
1888/89

30.7
21.3
21.0
20.8
19.4
18.9
16.7
14.3
14.1
13.2

7–8 Jan 1996
11–12 Feb 1983
25–26 Dec 1909
15–18 Feb 2003
3–4 Apr 1915

12–14 Feb 1899
22–24 Jan 1935
18–19 Feb 1979
6–7 Feb 1978

19–20 Jan 1961

Philadelphia snowfall (1884/85–2006/07)

Seasonal snowfall

Season In. Season In. Season In. Season In.

1884/85
1885/86
1886/87
1887/88
1888/89

27.0
20.2
25.8
30.0

6.2

1889/90
1890/91
1891/92
1892/93
1893/94
1894/95
1895/96
1896/97
1897/98
1898/99

7.4
15.2
19.9
36.8
20.3
22.8
14.8
25.7
19.4
55.4

1899/1900
1900/01
1901/02
1902/03
1903/04
1904/05
1905/06
1906/07
1907/08
1908/09

20.6
10.6
28.8
16.8
29.4
43.8
20.5
38.6
25.8
18.1

1909/10
1910/11
1911/12
1912/13
1913/14
1914/15
1915/16
1916/17
1917/18
1918/19

36.1
28.5
22.5
9.5

33.1
32.5
31.1
39.6
38.9
4.5

1919/20
1920/21
1921/22
1922/23
1923/24
1924/25
1925/26
1926/27
1927/28
1928/29

23.2
11.7
28.0
19.5
21.8
12.1
19.1
11.8
15.5
11.9

1929/30
1930/31
1931/32
1932/33
1933/34
1934/35
1935/36
1936/37
1937/38
1938/39

8.2
4.1
7.7

22.0
33.6
28.0
23.1
12.6
8.3

27.2

1939/40
1940/41
1941/42
1942/43
1943/44
1944/45
1945/46
1946/47
1947/48
1948/49

22.3
31.5
10.3
16.3
15.7
21.1
18.7
23.7
31.7
19.3

1949/50
1950/51
1951/52
1952/53
1953/54
1954/55
1955/56
1956/57
1957/58
1958/59

1.9
4.6

16.2
16.8
22.6
12.1
23.0
7.9

41.8
5.1

1959/60
1960/61
1961/62
1962/63
1963/64
1964/65
1965/66
1966/67
1967/68
1968/69

21.8
49.1
29.2
20.5
32.9
26.2
27.4
44.3
15.9
23.7

1969/70
1970/71
1971/72
1972/73
1973/74
1974/75
1975/76
1976/77
1977/78
1978/79

20.3
18.3
12.2
T
20.8
13.6
17.5
18.7
54.9
40.2

1979/80
1980/81
1981/82
1982/83
1983/84
1984/85
1985/86
1986/87
1987/88
1988/89

20.9
15.4
25.4
35.9
21.6
16.5
16.4
25.7
15.0
11.2

1989/90
1990/91
1991/92
1992/93
1993/94
1994/95
1995/96
1996/97
1997/98
1998/99

17.0
14.6
4.7

24.3
23.1
9.8

65.5
12.9
0.8

12.5

1999/00
2000/01
2001/02
2002/03
2003/04

18.1
27.3

3.3
46.3
24.7

2004/05
2005/06
2006/07

30.4
19.5
13.4
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Snowstorms exceeding 10 in. (25 cm)

1880/89 1920/29 1960/69

10.5

1890/99
10.4
11.4
18.9

1900/09
11.3
11.0
12.7
21.0

1910/19
19.4
10.2

12 Mar 1888

5–6 Feb 1893
5–8 Feb 1899

12–14 Feb 1899

16–18 Feb 1900
17 Feb 1902

4–6 Feb 1907
25–26 Dec 1909

3–4 Apr 1915
27–28 Jan 1918

12.3
10.4

1930/39
16.7

1940/49
10.1
10.0

1950/59
10.0
13.0
11.4

28–29 Jan 1922
28–29 Jan 1928

22–24 Jan 1935

28 Feb–1 Mar 1941
20–21 Feb 1947

10–11 Jan 1954
15–16 Feb 1958
19–21 Mar 1958

13.2
10.3
12.7

1970/79
14.1
14.3

1980/89
21.3

1990/99
12.3
30.7

2000–
20.8
12.6
12.0

19–20 Jan 1961
3–4 Feb 1961

24–25 Dec 1966

6–7 Feb 1978
18–19 Feb 1979

11–12 Feb 1983

12–13 Mar 1993
7–8 Jan 1996

15–18 Feb 2003
22–23 Jan 2005
11–12 Feb 2006

Period Mean snowfall

1870/99
1900/99
1870/99
1900/49
1950/99
1971–2000
Maximum
Minimum

21.7
21.9
22.8
21.8
21.7
20.0

63.1 (1995/96)
T (1972/73)
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Baltimore snowfall
(1883/84–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.5
9.7

20.4
31.3
40.5
25.6
9.4
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1898
1966
1922
2003
1892
1924
1963

62.5
58.1
51.8
50.8
46.5
43.4
43.0
42.5
41.5
41.2

1995/96
2002/03
1963/64
1891/92
1960/61
1966/67
1957/58
1978/79
1898/99
1903/04

0.7
1.2
2.3
2.4
3.2
4.0
4.1
4.6
6.2
7.8

1949/50
1972/73
2001/02
1912/13
1997/98
1958/59
1991/92
1980/81
1950/51
1926/27

28.2
26.5
22.8
22.5
22.0
21.4
20.0
15.5
14.5
14.3

15–18 Feb 2003
28–29 Jan 1922
11–12 Feb 1983
7–8 Jan 1996

28–29 Mar 1942
11–14 Feb 1899
18–19 Feb 1979
15–16 Feb 1958
11–12 Dec 1960
28–29 Jan 1928

Seasonal snowfall

1883/84
1884/85
1885/86
1886/87
1887/88
1888/89

35.3
27.0
40.5
27.4
21.2

7.9

1889/90
1890/91
1891/92
1892/93
1893/94
1894/95
1895/96
1896/97
1897/98
1898/99

15.5
25.3
50.8
27.1
20.7
15.1
23.8
8.0

18.2
41.5

1899/00
1900/01
1901/02
1902/03
1903/04
1904/05
1905/06
1906/07
1907/08
1908/09

25.0
9.4

19.7
17.6
41.2
26.3
19.5
33.0
27.5
30.3

1909/10
1910/11
1911/12
1912/13
1913/14
1914/15
1915/16
1916/17
1917/18
1918/18

31.8
22.0
27.3
2.4

25.5
17.8
24.7
27.3
24.3
9.1

1919/20
1920/21
1921/22
1922/23
1923/24
1924/25
1925/26
1926/27
1927/28
1928/29

10.3
16.0
38.3
18.7
31.8
21.9
18.5

7.8
16.4
15.8

1929/30
1930/31
1931/32
1932/33
1933/34
1934/35
1935/36
1936/37
1937/38
1938/39

19.1
12.5
18.2
21.2
40.0
40.7
21.2
23.6
15.7
15.3

1939/40
1940/41
1941/42
1942/43
1943/44
1944/45
1945/46
1946/47
1947/48
1948/49

18.0
22.5
31.3
19.8
23.4
25.7
17.1
26.0
26.1
19.9

1949/50
1950/51
1951/52
1952/53
1953/54
1954/55
1955/56
1956/57
1957/58
1958/59

0.7
6.2

14.1
11.8
22.1
10.1
19.1
15.4
43.0
4.0

1959/60
1960/61
1961/62
1962/63
1963/64
1964/65
1965/66
1966/67
1967/68
1968/69

34.1
46.5
35.2
19.6
51.8
18.6
32.8
43.4
21.4
18.6

1969/70
1970/71
1971/72
1972/73
1973/74
1974/75
1975/76
1976/77
1977/78
1978/79

21.0
13.0
14.0
1.2

17.1
12.2
11.5
11.1
34.3
42.5

1979/80
1980/81
1981/82
1982/83
1983/84
1984/85
1985/86
1986/87
1987/88
1988/89

14.6
4.6

25.5
35.6
14.5
10.3
15.6
35.2
20.4
8.3

1989/90
1990/91
1991/92
1992/93
1993/94
1994/95
1995/96
1996/97
1997/98
1998/99

17.3
9.4
4.1

24.4
17.3
8.0

62.5
15.3
3.2

15.2

1999/2000
2000/01
2001/02
2002/03
2003/04

26.1
8.7
2.3

58.1
18.3

2004/05
2005/06
2006/07

18.0
19.6
11.0
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Baltimore snowfall
(1883/84–2006/07)

Snowstorms exceeding 10 in. (25cm)

1890/99 1930/39 1970/79

16.0
11.7
21.4

1900/09
12.0
10.2
10.0

1910/19
10.9
10.5

1920/29
26.5
10.2
14.3
11.0

15–18 Mar 1892
5–8 Feb 1899

11–14 Feb 1899

16–18 Feb 1900
4 Mar 1909

25–26 Dec 1909

5–6 Dec 1910
26–28 Jan 1918

28–29 Jan 1922
9–10 Feb 1926

28–29 Jan 1928
20–21 Feb 1929

10.0
11.5
11.5

1940/49
10.3
22.0
10.5

1950/59
15.5

1960/69
10.5
14.1
10.7
13.0
11.5
12.1
10.6

16–17 Mar 1931
17 Dec 1932
23–24 Jan 1935

7–8 Mar 1941
28–29 Mar 1942
20–21 Feb 1947

15–16 Feb 1958

2–4 Mar 1960
11–12 Dec 1960
3–4 Feb 1961
5–7 Mar 1962

21–22 Mar 1964
29–30 Jan 1966
6–7 Feb 1967

20.0

1980/89
22.8
12.3
10.1

1990/99
11.9
22.5

2000–
14.9
28.2
13.1

18 Feb 1979

11–12 Feb 1983
21–23 Jan 1987
22–23 Feb 1987

12–13 Mar 1993
7–8 Jan 1996

25 Jan 2000
15–18 Feb 2003
11–12 Feb 2006

Period Mean snowfall

1870/99
1900/99
1870/99
1900/49
1950/99
1971–2000
Maximum
Minimum

21.2
20.3
25.3
22.2
18.6
18.0

62.5 (1995/96)
1.2 (1972/73)
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Washington snowfall
(1884/85–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.2
11.5
16.2
31.5
35.2
19.3
5.5
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1987
1962
1922
1899
1914
1924
1963

54.4
46.0
44.5
41.7
41.0
40.4
40.4
40.3
39.8
37.1

1898/99
1995/96
1921/22
1891/92
1904/05
2002/03
1957/58
1960/61
1910/11
1890/91

0.1
0.1
2.2
2.5
2.7
3.3
3.4
4.5
4.9
5.0

1972/73
1997/98
1975/76
1930/31
2001/02
1918/19
1949/50
1980/81
1958/59
1931/32

28.0
20.5
18.7
17.1
16.7
16.6
14.4
14.4
14.3
13.8
13.7

27–29 Jan 1922
11–14 Feb 1899
18–19 Feb 1979
7–8 Jan 1996

15–18 Feb 2003
10–11 Feb 1983
7 Feb 1936

15–16 Feb 1958
16–18 Feb 1900
29–30 Jan 1966
5–8 Feb 1899

Seasonal snowfall

1884/85
1885/86
1886/87
1887/88
1888/89

24.6
23.5
30.3
22.7
12.5

1889/90
1890/91
1891/92
1892/93
1893/94
1894/95
1895/96
1896/97
1897/98
1898/99

6.5
37.1
41.7
31.0
25.4
24.8
9.3

16.2
11.0
54.4

1899/00
1900/01
1901/02
1902/03
1903/04
1904/05
1905/06
1906/07
1907/08
1908/09

35.6
9.1

13.1
8.2

20.2
41.0
25.7
28.3
18.3
35.9

1909/10
1910/11
1911/12
1912/13
1913/14
1914/15
1915/16
1916/17
1917/18
1918/19

20.0
39.8
21.8
8.7

28.6
14.5
17.4
18.8
36.4
3.3

1919/20
1920/21
1921/22
1922/23
1923/24
1924/25
1925/26
1926/27
1927/28
1928/29

16.4
6.8

42.5
15.7
21.9
18.5
17.4

8.8
13.6

8.0

1929/30
1930/31
1931/32
1932/33
1933/34
1934/35
1935/36
1936/37
1937/38
1938/39

18.1
2.5
5.0

23.8
30.7
31.4
33.0
20.2
5.4

15.1

1939/40
1940/41
1941/42
1942/43
1943/44
1944/45
1945/46
1946/47
1947/48
1948/49

25.3
17.9
13.6
20.5
7.7
7.8

20.9
21.9
23.4
15.8

1949/50
1950/51
1951/52
1952/53
1953/54
1954/55
1955/56
1956/57
1957/58
1958/59

3.4
10.2
10.2
8.3

18.0
6.6

11.3
14.2
40.4
4.9

1959/60
1960/61
1961/62
1962/63
1963/64
1964/65
1965/66
1966/67
1967/68
1968/69

24.3
40.3
15.0
21.4
33.6
17.1
28.4
37.1
21.4

9.1

1969/70
1970/71
1971/72
1972/73
1973/74
1974/75
1975/76
1976/77
1977/78
1978/79

14.0
11.7
16.8
0.1

16.7
12.8
2.2

11.1
22.7
27.7

1979/80
1980/81
1981/82
1982/83
1983/84
1984/85
1985/86
1986/87
1987/88
1988/89

20.1
4.5

22.5
27.6
8.6

10.3
15.4
31.1
25.0
5.7

1989/90
1990/91
1991/92
1992/93
1993/94
1994/95
1995/96
1996/97
1997/98
1998/99

15.3
8.1
6.6

11.7
13.2
10.1
46.0
6.7
0.1

11.6

1999/2000
2000/01
2001/02
2002/03
2003/04

15.4
7.4
2.7

40.4
12.4

2004/05
2005/06
2006/07

12.5
13.6
9.5
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Snowstorms exceeding 10 in. (25 cm)

1880/89
12.4

1890/99
10.0
12.0
13.7
20.5

1900/09
14.3
10.0
11.5

1910/19

3–4 Feb 1886

25 Dec 1890
27–28 Mar 1891

5–8 Feb 1899
11–14 Feb 1899

16–18 Feb 1900
15–16 Mar 1900
22–23 Dec 1908

None

1920/29
28.0
10.5

1930/39
11.5
12.0
11.3
14.4

1940/49
10.7
11.5
10.1

1950/59
11.4
13.0

27–29 Jan 1922
28 Jan 1928

30 Jan 1930
17–18 Dec 1932
23–24 Jan 1935
7 Feb 1936

7–8 Mar 1941
29 Mar 1942
20–21 Feb 1947

3–4 Dec 1957
15–16 Feb 1958

1960/69
13.8
10.3

1970/79
10.2
18.7

1980/89
16.6
10.8
10.3
11.5

1990/99
17.1

2000–
16.7

29–30 Jan 1966
6–7 Feb 1967

16–17 Dec 1973
18–19 Feb 1979

11 Feb 1983
22 Jan 1987
22–23 Feb 1987
11 Nov 1987

6–8 Jan 1996

15–18 Feb 2003

Period Mean snowfall

1870/99
1900/99
1870/99
1900/49
1950/99
1971–2000
Maximum
Minimum

18.2
19.1
24.7
19.5
16.9
14.7

54.4 (1898/99)
0.1 (1972/73; 1997/98)
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Norfolk, VA
(1891/92–2006/07)

Snowiest months

Year In. Season

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

T
6.7

18.6
14.2
24.4
14.0
1.3
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1910
1891
1892
1966
1989
1914
1940
1951

41.9
37.7
33.3
24.9
24.0
22.9
22.8
21.7
21.3
20.1

1979/80
1935/36
1892/93
1988/89
1917/18
1939/40
1947/48
1913/14
1911/12
1933/34

T
T
T
T
T
T
T

0.1
0.1
0.3

1996/97
1997/98
1991/92
1990/91
1975/76
1920/21
1897/98
1902/03
2006/07
1980/81

18.6
15.4
13.7
13.5
12.4
12.4
11.4
11.0
11.0
11.0

27–28 Dec 1892
17–19 Feb 1989
1–2 Mar 1980

11–13 Feb 1899
6–7 Feb 1980
9–10 Feb 1948

11–12 Dec 1958
7 Feb 1936
2 Mar 1927
2–3 Dec 1896

Roanoke, VA
(1901/02–1996/97)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms
(1959/60–1995/96)

In. Date

2.0
13.8
22.6
41.2
36.0
30.3
7.3
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1968
1966
1966
1987
1960
1971
1990

72.9
62.7
55.9
50.3
49.9
44.0
41.7
41.7
40.8
39.1

1986/87
1959/60
1995/96
1963/64
1965/66
1946/47
1966/67
1913/14
1960/61
1968/69

T
T

1.2
2.0
2.3
2.8
3.4
3.7
4.0
5.0

1919/20
1918/19
1990/91
1937/38
1975/76
1990/91
1934/35
1956/57
1996/97
1991/92

24.9
18.6
17.4
16.4
16.0
14.2
13.9
13.7
12.3
11.7

6–8 Jan 1996
10–11 Feb 1983
2–3 Mar 1960

25–26 Dec 1969
12–13 Mar 1993
7–8 Feb 1961

25–26 Jan 1987
22–23 Jan 1966
29–30 Jan 1966
13–14 Jan 1968

Lynchburg, VA
(1893/94–1997/98)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.9
11.6
17.9
31.8
26.8
24.9
4.8
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1968
1966
1966
1987
1960
1971
1923

58.4
57.8
45.2
38.2
37.2
35.4
35.0
34.9
33.0
27.7

1986/87
1995/96
1959/60
1965/66
1966/67
1917/18
1981/82
1968/69
1979/80
1970/71

1.3
1.6
1.9
2.1
2.5
2.9
3.1
3.1
3.3
4.1

1931/32
1918/19
1975/76
1902/03
1997/98
1924/25
1991/92
1937/38
1944/45
1990/91

21.4
20.2
17.9
14.8
14.6
14.5
13.7
13.0
12.8
12.7

6–8 Jan 1996
27–28 Jan 1922
5–7 Mar 1962

25–26 Feb 1934
10–11 Feb 1983
31 Jan–1 Feb 1948
28 Feb–1 Mar 1969
12–13 Mar 1993
13–14 Feb 1960
25–26 Dec 1969

Richmond, VA
(1897/98–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

T
9.2

17.2
28.5
21.4
19.7
10.0

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1938
1908
1940
1983
1960
1915
1950

38.9
38.6
35.8
34.2
33.7
32.3
30.4
30.2
29.4
29.2

1961/62
1979/80
1966/67
1939/40
1917/18
1959/60
1995/96
1898/1899
1982/83
1965/66

T
T
0.2
0.5
0.7
0.9
1.0
1.0
1.1
1.2

1918/19
1920/21
1998/99
1944/45
1950/51
1991/92
1980/81
1920/21
1955/56
1975/76

21.6
17.7
17.7
17.2
16.3
15.2
14.9
14.8
13.0
12.6

23–24 Jan 1940
27–29 Jan 1922
10–11 Feb 1983
22–23 Dec 1908
11–14 Feb 1899
5–7 Mar 1962
4–5 Jan 1980

25–27 Jan 1966
1–2 Mar 1980
6–7 Feb 1936
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Washington Dulles Airport
(1958/59–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

1.3
11.4
24.2
30.9
34.9
15.5
4.0
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1967
1966
1996
2003
1993
1990
1963

61.9
50.1
44.4
42.7
40.6
39.2
30.6
30.5
30.3
30.2

1995/96
2002/03
1966/67
1986/87
1978/79
1982/83
1965/66
1967/68
1992/93
1969/70

2.2
2.6
4.4
5.9
6.7
9.1
9.9

10.6
13.8
14.6

1972/73
2001/02
1980/81
1997/98
1991/92
1975/76
1988/89
1976/77
2005/06
1990/91

24.5
22.8
22.4
16.3
15.4
13.9
12.1
12.0
11.8
11.4

6–8 Jan 1996
11–12 Feb 1983
15–18 Feb 2003
18 Feb 1979
31 Dec 1970–1 Jan 1971
13 Mar 1993
25–26 Dec 1969
22–23 Feb 1987
6–7 Feb 1967

30 Nov 1967

Wilmington, DE
(1950/51–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.5
11.9
21.5
26.2
31.6
20.3
2.6
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1953
1966
1996
2003
1958
1982
1963

55.9
49.5
46.0
45.6
44.7
44.7
44.2
44.1
43.5
40.0

1995/96
1957/58
2002/03
1977/78
1933/34
1906/07
1978/79
1960/61
1966/67
1986/87

T
T

1.0
1.2
2.4
3.5
4.3
4.8
5.7
7.3

1931/32
1997/98
1949/50
1972/73
2001/02
1991/92
1918/19
1950/51
1930/31
1958/59

22.2
22.0
17.9
16.5
14.5
14.4
13.7
13.6
12.4
12.1

15–18 Feb 2003
7–8 Jan 1996

19–21 Mar 1958
18–19 Feb 1979
5–7 Feb 1978

11–12 Feb 2006
13–14 Mar 1993
11 Feb 1983
24 Dec 1966
22 Jan 1987

Harrisburg, PA
(1889/90–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.1
15.4
22.1
38.9
30.3
22.8
18.0

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1953
1960
1996
1893
1993
1894
1966

81.3
75.9
74.7
70.6
67.5
60.6
58.5
57.7
53.8
52.2
52.0

1960/61
1993/94
1963/64
1977/78
1995/96
1969/70
1981/82
2002/03
1893/94
1892/93
1904/05

8.8
9.8

10.6
10.9
11.4
12.9
13.3
14.6
15.3
15.3

1937/38
1949/50
2001/02
1930/31
1997/98
1991/92
1972/73
1979/80
1931/32
1912/13

25.0
22.2
21.0
20.8
20.4
20.3
18.7
18.1
18.1
18.0

11–12 Feb 1983
6–7 Jan 1996

15–16 Jan 1945
18–20 Feb 1964
13–14 Mar 1993
15–18 Feb 2003
19–20 Jan 1961
7–8 Mar 1941

12–13 Jan 1964
27–28 Mar 1891

Reading, PA
(1904/05–1968/69)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

1.1
13.4
27.1
36.8
22.3
21.5
10.0

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1938
1966
1925
1926
1958
1924
1966

62.1
58.8
58.2
53.2
51.8
51.1
47.1
47.0
45.2
45.0

1904/05
1960/61
1966/67
1957/58
1940/41
1963/64
1906/07
1916/17
1917/18
1909/10

6.8
7.1

10.8
12.0
12.4
12.6
13.4
13.8
14.7
15.4

1918/19
1930/31
1949/50
1941/42
1950/51
1931/32
1900/01
1902/03
1967/68
1937/38

20.3
18.7
17.3
16.0
15.5
15.2
14.9
14.8
14.5
14.2

25–26 Dec 1909
15–16 Feb 1958
3–4 Feb 1961

19–20 Mar 1958
2 Jan 1925
6–8 Mar 1915

28 Jan 1928
7–9 Mar 1941

22–24 Jan 1935
14–15 Feb 1940
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Allentown, PA
(1922/23–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms
(1943/44–1995/96)

In. Date

2.2
15.0
28.4
43.2
29.5
30.5
13.4

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1938
1966
1925
1983
1958
1982
1977

75.2
71.8
67.2
65.1
63.6
55.6
54.9
54.7
50.7
47.2

1993/94
1995/96
1967/68
1960/61
1957/58
1977/78
2002/03
1963/64
1947/48
2001/02

5.0
7.4
9.2
9.7

11.0
11.4
12.2
13.9
15.6
15.7

1931/32
1972/73
1937/38
2001/02
1930/31
1949/50
1988/89
1928/29
1991/92
1954/55

25.6
25.2
20.3
20.1
17.6
17.3
16.0
15.8
15.2
14.4

6–8 Jan 1996
11–12 Feb 1983
19–21 Mar 1958
16–18 Feb 2003
13–14 Mar 1993
3–4 Feb 1961

19–20 Jan 1961
15–16 Feb 1958
11–12 Feb 2006
3–5 Mar 1960

Scranton, PA
(1901/02–1995/96)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

4.4
22.5
33.9
42.3
27.9
38.0
26.7
2.4

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1962
1971
1969
1994
1914
1916
1983
1977

98.3
90.4
88.6
82.8
76.8
75.3
74.7
73.7
73.5
66.7

1995/96
1993/94
1904/05
1915/16
1969/70
1966/67
1963/64
1960/61
1977/78
1907/08

7.3
13.9
16.7
18.5
20.8
21.1
22.8
22.9
23.2
24.5

1988/89
1952/53
1928/29
1943/44
1954/55
1912/13
1929/30
1953/54
1972/73
1991/92

21.5
21.4
20.5
20.0
19.6
17.3
16.5
15.5
15.0
15.0

7–8 Jan 1996
13–14 Mar 1993
24–25 Nov 1971
19–20 Jan 1936
18–20 Apr 1983
13–14 Feb 1914
16–17 Jan 1994
3–4 Feb 1926
9 Feb 1904
1–2 Mar 1914

Atlantic City, NJ
(1883/84–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

T
16.7
17.5
22.3
35.2
23.6
6.7

Oct
Nov
Dec
Jan
Feb
Mar
Apr

1990
1898
1935
1905
1967
1914
1915

51.2
46.9
43.1
42.3
40.4
38.1
37.3
34.5
33.7
33.5

1898/99
1966/67
1978/79
2002/03
1904/05
1963/64
1933/34
1892/93
1901/02
1957/58

0.7
1.5
2.4
2.6
2.7
3.0
3.0
3.2
3.3
3.3

1949/50
1918/19
1936/37
2001/02
1980/81
1997/98
1943/44
1991/92
1980/81
1941/42

21.5
18.0
17.1
16.3
16.2
16.0
15.1
14.7
14.0
14.0

15–18 Feb 2003
16–17 Feb 1902
18–19 Feb 1979
25–26 Jan 1987
28 Feb–1 Mar 1941
25 Jan 1905
11–13 Feb 1899
12–13 Jan 1964
13–15 Feb 1885
26–27 Nov 1898

Trenton, NJ
(1865/66–1981/82)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.5
14.0
21.5
20.8
34.0
22.5
16.0

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1972
1898
1965
1978
1899
1888
1915
1977

63.0
61.0
54.0
51.7
51.3
48.5
42.5
40.9
40.1
38.8

1867/68
1898/99
1966/67
1957/58
1977/78
1960/61
1887/88
1922/23
1933/34
1955/56

2.0
3.3
3.8
5.1
5.2
5.6
7.3
7.6
8.7
8.9

1918/19
1972/73
1949/50
1930/31
1931/32
1950/51
1937/38
1905/06
1929/30
1941/42

22.0
21.0
18.0
17.8
16.6
16.1
16.0
14.0
13.8
13.8

12–13 Feb 1899
12–13 Mar 1888
26 Dec 1872
19–21 Mar 1958
11–12 Dec 1960
6–7 Feb 1978
3–4 Apr 1915

25 Jan 1905
20–22 Feb 1922
6–7 Feb 1967
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Newark, NJ
(1842/43–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

0.3
14.2
29.1
31.6
33.4
26.0
13.8

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1952
1938
1947
1996
1994
1956
1982
1977

78.4
73.5
64.9
64.5
62.5
58.3
57.3
52.3
43.2
42.1

1995/96
1873/74
1993/94
1947/48
1977/78
1992/93
1915/16
2002/03
1919/20
1903/04

1.9
3.5
6.5
7.3
7.5

10.7
10.9
11.0
11.1
12.8

1972/73
2001/02
1997/98
1931/32
1988/89
1949/50
1950/51
1936/37
1937/38
1998/99

27.8
26.0
23.1
22.6
21.3
20.4
20.0
20.0
20.0
20.0
19.6

7–8 Jan 1996
26–27 Dec 1947
16–18 Feb 2003
3–4 Feb 1961

11–12 Feb 2006
11–12 Dec 1960
4–5 Feb 1845
5–6 Jan 1856

20 Dec 1875
4–5 Feb 1907
6–7 Feb 1978

New York LaGuardia Airport
(1943/44–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

1.2
6.1

26.8
27.6
26.4
18.9
8.2
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1962
1989
1947
1996
1983
1958
1982
1961

78.4
64.2
58.5
56.5
51.0
46.7
43.5
43.4
42.2
35.5

1995/96
1947/48
1993/94
1960/61
2002/03
1948/49
1977/78
1966/67
2000/01
1946/47

1.9
3.4
7.1

10.1
10.3
10.8
11.3
11.7
13.5
14.3

1972/73
2001/02
1997/98
1994/95
1979/80
1988/89
1954/55
1974/75
1952/53
1991/92

25.4
23.8
23.6
22.0
19.0
17.6
16.1
15.9
15.0
14.9
14.4

11–12 Feb 2006
7–8 Jan 1996

26–27 Dec 1947
11–12 Feb 1983
3–4 Feb 1961

16–18 Feb 2003
9–10 Feb 1969

19–20 Dec 1948
3–5 Mar 1960

19–20 Dec 1995
6–7 Feb 1978

New York Kennedy Airport
(1959/60–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

0.5
3.7

16.4
23.0
32.1
21.1
8.2
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1962
1989
1960
1996
2003
1960
1982
1967

69.0
58.4
56.2
48.5
47.0
45.2
34.4
34.2
34.0
32.1

1995/96
1960/61
2002/03
1977/78
1966/67
1993/94
1963/64
1959/60
2000/01
1982/83

1.6
3.6
4.5
8.2
9.6

10.0
10.5
10.5
11.0
14.9

1972/73
1997/98
2001/02
1988/89
1989/90
1994/95
1991/92
1974/75
1979/80
1971/72

26.0
24.0
21.7
20.7
20.2
16.7
14.3
14.2
13.9
13.7

16–18 Feb 2003
3–4 Feb 1961

11–12 Feb 1983
7–8 Jan 1996
9–10 Feb 1969

11–12 Feb 2006
3–5 Mar 1960

19–20 Jan 1978
12–14 Jan 1964
6–7 Feb 1978

New York (The Battery), NY
(1884/85–1959/60)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

0.4
14.0
29.0
26.2
37.2
28.5
10.2

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1898
1947
1925
1894
1896
1915
1946

77.6
61.5
58.3
57.8
56.1
55.4
55.2
53.1
52.4
51.6

1892/93
1947/48
1898/99
1904/05
1893/94
1919/20
1922/23
1933/34
1906/07
1915/16

3.5
5.1
9.1
9.2
9.7

10.2
10.4
10.9
10.9
11.9

1918/19
1931/32
1952/53
1900/01
1930/31
1941/42
1952/53
1954/55
1950/51
1936/37

25.8
20.9
17.8
17.5
17.5
17.0
16.7
15.5
15.2
14.6

26–27 Dec 1947
12–13 Mar 1888
17–18 Feb 1893
4–7 Feb 1920

22–24 Jan 1935
11–12 Dec 1960
19–20 Dec 1948
12–14 Feb 1899
25–27 Feb 1894
14–15 Jan 1910
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Brookhaven Lab, Upton, NY
(1947/48–2005/06)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

1.0
7.5

23.7
29.0
32.1
31.5
16.0

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1962
1989
1948
2005
1967
1967
1996
1977

90.8
74.5
66.7
62.4
62.0
61.1
60.2
57.5
55.0
54.9

1995/96
1966/67
1947/48
1977/78
2002/03
1957/58
2003/04
1960/61
1993/94
1948/49

4.5
5.5
5.8
6.5

11.0
11.8
13.4
15.2
15.3
15.7

1997/98
2001/02
1972/73
1994/95
1979/80
1952/53
1953/54
1958/59
1950/51
1956/57

23.0
19.0
19.0
17.3
17.2
17.0
17.0
16.5
16.0
16.0

6–7 Feb 1978
6–8 Jan 1996

26–27 Dec 1947
3–5 Mar 1960
6–7 Feb 1967
3–4 Feb 1961

16–17 Feb 1958
28 Feb–1 Mar 1949
21–22 Mar 1967
20–22 Mar 1958

Bridgehampton, NY
(1959/60–1995/96)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

T
10.0
17.4
27.4
30.2
29.0
6.5
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1971
1989
1963
1961
1967
1956
1982
1977

—
68.9
59.1
58.0
56.3

—
46.8
44.4
43.2
36.5

1995/96
1966/67
1977/78
1960/61
1955/56
1993/94
1963/64
1959/60
1957/58
1986/87

3.0
9.4

10.0
10.8
11.3
11.5
12.2
14.1
14.3
14.5

1994/95
1972/73
1990/91
1971/72
1979/80
1988/89
1952/53
1962/63
1965/66
1984/85

21.0
18.5
18.0
16.0
15.3
14.4
14.0
14.0
13.5
13.0

3–5 Mar 1960
6–7 Feb 1978

15–16 Feb 1958
22 Mar 1967
19–20 Jan 1961
19–20 Mar 1956
4 Feb 1961

19–20 Jan 1978
6–7 Feb 1967

25 Feb 1990

Albany, NY
(1884/85–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

6.5
24.6
57.5
47.8
40.7
50.9
17.7
5.4

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1987
1972
1969
1987
1893
1888
1982
1945

112.5
110.4
105.4
99.6
97.1
94.7
94.2
94.2
92.4
90.0

1970/71
1887/88
2002/03
1890/91
1981/82
1915/16
1992/93
1886/87
1977/78
1947/48

13.8
19.0
24.8
26.7
27.4
28.1
28.4
28.7
28.7
28.9

1912/13
1988/89
1929/30
1918/19
1979/80
1889/90
1936/37
1990/91
1914/15
1896/97

46.7
26.6
26.4
24.7
24.5
23.5
23.5
22.5
21.0
20.8

11–14 Mar 1888
13–14 Mar 1993
25–28 Dec 1969
13–15 Dec 1915
15–16 Jan 1983
14 Feb 1914
18–22 Dec 1887
24–25 Nov 1971
25–26 Dec 2002
2–3 Jan 2003

Bridgeport, CT
(1930/31–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms
(after 1951/52)

In. Date

0.5
14.1
25.8
30.3
47.0
21.8
8.1
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1987
1938
1945
1923
1934
1967
1924
1977

76.8
71.3
65.7
61.6
59.7
55.5
55.3
55.0
52.7
49.3

1995/96
1933/34
1947/48
1966/67
1922/23
2002/03
2000/01
1993/94
1977/78
1948/49

8.2
8.5
8.7
8.7
9.2
9.6
9.9

11.5
13.7
14.2

1972/73
2001/02
1952/53
1931/32
1997/98
1979/80
1954/55
1980/81
1950/51
1958/59

17.7
17.3
16.7
15.5
15.0
15.0
14.9
13.5
13.3
12.9

9–10 Feb 1969
17–18 Feb 2003
19–20 Jan 1978
5–7 Mar 2001
7–8 Jan 1996

15–16 Feb 1958
6–7 Feb 1967

11–12 Feb 2006
6–7 Feb 1978
3–4 Feb 1961
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New Haven, CT
(1873/74–1974/75)

Snowiest months
(1872/73–1974/75)

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms
(1872/73–1974/75)

In. Date

2.0
23.0
27.3
31.2
46.3
44.9
10.0
1.2

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1876
1898
1904
1923
1934
1888
1874
1876

76.0
74.2
72.4
71.6
69.5
67.4
66.9
66.2
65.8
65.3

1915/16
1892/93
1933/34
1947/48
1880/81
1896/97
1898/99
1887/88
1893/94
1906/07

7.3
11.3
13.4
13.6
14.5
15.6
16.5
17.5
18.5
18.6

1918/19
1877/78
1900/01
1952/53
1936/37
1954/55
1928/29
1888/89
1941/42
1958/59

44.7
23.2
20.0
17.5
17.2
16.8
16.1
15.3
15.0
15.0

11–14 Mar 1888
19–20 Feb 1934
28 Jan 1897
30–31 Mar 1881
15–16 Feb 1958
25–27 Nov 1898
28 Feb–1 Mar 1949
20–21 Feb 1947
19–20 Dec 1948
9 Feb 1969

Hartford, CT
(1904/05–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

1.7
15.6
45.3
40.1
32.7
43.3
14.3
1.3

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1938
1945
1923
1926
1956
1982
1977

115.2
84.9
82.8
80.2
79.9
77.7
77.1
76.1
74.5
70.6

1995/96
1993/94
1966/67
1960/61
1945/46
1947/48
1915/16
1955/56
2002/03
1906/07

12.0
14.7
14.9
16.4
16.6
17.2
17.3
17.7
19.0
19.7

2001/02
1936/37
1988/89
1979/80
1941/42
1918/19
1931/32
1980/81
1924/25
1912/13

21.9
21.0
19.2
18.2
17.4
17.0
16.9
16.9
16.3
16.2

11–12 Feb 2006
11–12 Feb 1983
28 Feb–1 Mar 1949
19–20 Dec 1945
19–20 Feb 1934
20–21 Feb 1921
26–27 Dec 1947
6–7 Feb 1978
5 Feb 2001
4 Feb 1926

Block Island, RI
(1880/81–1977/78)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

0.3
7.5

19.9
30.0
22.2
24.1
13.2

T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1898
1904
1978
1899
1956
1887
1941

51.2
47.8
45.3
43.9
43.3
42.4
38.6
38.3
37.9
36.8

1977/78
1881/82
1933/34
1886/87
1898/99
1955/56
1966/67
1960/61
1896/97
1895/96

2.2
3.2
5.1
5.8
6.5
6.7
6.8
6.9
8.0
8.2

1888/89
1918/19
1890/91
1931/32
1905/06
1972/73
1912/13
1920/21
1952/53
1970/71

22.0
21.2
16.9
14.0
13.2
12.5
12.0
11.6
11.2
11.1

19–20 Jan 1978
4–5 Feb 1882
3–4 Feb 1961

15–17 Mar 1967
12–14 Feb 1899
3–5 Mar 1960

22–24 Jan 1935
17–18 Feb 1902
1–2 Feb 1887

11 Jan 1927

Providence, RI
(1905/06–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

2.5
10.2
26.7
37.4
30.9
31.6
18.0
7.0

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1945
1945
1996
1962
1956
1997
1977

106.1
75.6
72.2
71.4
70.2
63.5
62.7
58.1
56.7
56.2

1995/96
1947/48
2004/05
1906/07
1977/78
1993/94
1960/61
1966/67
1944/45
1989/90

4.3
10.2
10.9
11.3
11.8
12.2
12.5
13.7
15.1
15.8
16.0

1997/98
2001/02
1988/89
1972/73
1936/37
1979/80
1994/95
1918/19
2006/07
1914/15
1912/13

28.6
24.0
23.4
18.9
18.3
18.0
17.7
16.0
15.9
15.0

6–7 Feb 1978
7–8 Jan 1996

22–23 Jan 2005
14–16 Feb 1962
4 Feb 1961

31 Mar–1 Apr 1997
3–5 Mar 1960

27–29 Jan 1943
24–27 Feb 1969
17–18 Feb 2003
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Nantucket, MA
(1887/88–1969/70)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

0.2
8.1

24.7
39.5
36.4
40.2
9.5
T

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1925
1904
1963
1904
1952
1960
1955
1917

82.0
73.1
72.2
62.1
59.4
57.6
54.3
54.1
53.1
49.2

1903/04
1963/64
1904/05
1960/61
1959/60
1966/67
1901/02
1951/52
1964/65
1906/07

3.8
5.4
5.8
6.5
8.9

11.3
11.4
12.0
14.9
15.0

1952/53
1931/32
1936/37
1920/21
1908/09
1949/50
1912/13
1953/54
1914/15
1965/66

31.3
21.4
21.4
19.2
16.0
16.0
15.9
15.7
15.6
15.5

3–5 Mar 1960
27–29 Feb 1952
25–26 Jan 1905
13–14 Jan 1964
2–3 Jan 1904

19–20 Jan 1961
3–4 Feb 1951

14–15 Jan 1910
2–4 Mar 1916

12 Dec 1960

Blue Hill Observatory, MA
(1885/86–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

6.8
23.0
45.2
56.3
65.4
52.0
24.2
7.8

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1889
1945
1948
1969
1956
1996
1977

144.4
136.0
119.4
113.1
111.5
109.6
106.8
103.4
102.5
101.1

1995/96
1947/48
2004/05
2002/03
1915/16
1966/67
1955/56
1903/04
1922/23
1993/94

12.4
17.9
22.6
24.0
24.2
25.1
25.3
26.4
27.2
27.6

1936/37
1994/95
1900/01
1888/89
1972/73
1918/19
1979/80
1985/86
1991/92
2006/07

38.7
30.1
30.1
30.0
24.7
24.3
23.0
22.2
21.0
21.0

24–28 Feb 1969
3–4 Mar 1960
6–7 Feb 1978

31 Mar–1 Apr 1997
17–18 Feb 2003
5–7 Dec 2003
5–7 Mar 2001

16–17 Feb 1958
11–12 Dec 1960
9–10 Feb 1969

Worcester, MA
(1892/93–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

7.5
20.7
37.0
50.7
55.0
44.1
24.0
12.7

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1979
1971
1992
2005
1893
1993
1997
1977

132.9
120.1
111.8
111.5
104.3
100.2
99.3
98.4
97.5
94.2

1995/96
1992/93
2002/03
2004/05
1960/61
1993/94
1971/72
1947/48
1957/58
1966/67

21.2
23.0
24.6
24.9
26.6
28.1
31.2
31.3
33.8
35.5

1954/55
1997/98
1936/37
1994/95
1979/80
1988/89
1953/54
1943/44
1973/74
1941/42

33.0
32.1
24.8
24.1
24.0
22.1
20.8
20.2
20.1
19.6

31 Mar–1 Apr 1997
11–12 Dec 1992
14–16 Feb 1962
22–23 Jan 2005
7–8 Mar 2001
3–5 Mar 1960

17–18 Feb 2003
6–7 Feb 1978

13–14 Mar 1993
24–27 Feb 1969

Concord, NH
(1903/04–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

3.0
25.0
43.0
46.7
59.0
38.3
35.0
5.0

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1884
1873
1876
1935
1893
1956
1874
1945

113.2
100.0
98.1
95.8
93.9
92.6
90.0
89.1
88.8
88.1

1995/96
1971/72
1992/93
1970/71
1916/17
1951/52
1981/82
1955/56
2002/03
1947/48

27.0
29.1
29.3
31.5
33.5
33.6
34.6
34.8
35.1
35.2

1979/80
1988/89
1912/13
1929/30
1948/49
1990/91
1950/51
2001/02
1952/53
1991/92

22.0
21.5
21.2
18.7
18.3
17.0
16.9
15.8
15.6
15.5

5–6 Dec 2003
19–21 Feb 1929
24–27 Feb 1969
6 Jan 1944

12–13 Apr 1933
13–14 Mar 1993
27–29 Dec 1946
20–22 Jan 1978
7–10 Mar 1916
7 Jan 1977
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Portland, ME
(1882/83–2006/07)

Snowiest months

In. Month Year

Snowiest seasons

In. Season

Least snowy seasons

In. Season

Biggest storms

In. Date

3.8
24.3
54.8
62.4
61.2
49.0
20.5
7.0

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May

1969
1921
1970
1979
1969
1993
1906
1945

141.5
137.5
133.9
125.5
125.0
123.0
119.5
119.1
118.3
116.5

1970/71
1905/06
1897/98
1886/87
1922/23
1995/96
1906/07
1933/34
1883/84
1955/56

27.5
29.4
30.1
30.9
31.3
32.4
32.6
38.7
38.8
40.0

1979/80
1936/37
1912/13
1988/89
1952/53
1990/91
2001/02
1994/95
1980/81
1891/92

27.1
26.9
25.3
22.8
22.8
22.7
21.6
21.5
21.0

17–18 Jan 1979
24–27 Feb 1969
17–18 Feb 1952
28–29 Dec 1946
17–18 Dec 1970
26–27 Feb 1934
13–14 Mar 1939
9–10 Feb 1969

26 Jan 1888
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and S. Grønås, Eds., Amer. Meteor. Soc., 317–336.

Upton, W., 1888: The storm of March 11–14, 1888. Amer. Meteor.
J., 5, 19–3733.

van Loon, H., and J. C. Rogers, 1978: The seesaw in winter tem-
peratures between Greenland and northern Europe. Part I: Gen-
eral description. Mon. Wea. Rev., 106, 296–310.

Wagner, A. J., 1957: Mean temperature from 1000 mb to 500 mb as
a predictor of precipitation type. Bull. Amer. Meteor. Soc., 38,
584–590.

Walker, G. T., and E. W. Bliss, 1932: World weather V. Mem. Roy.
Meteor. Soc., 4, 53–84.

Wallace, J. M., and D. S. Gutzler, 1981: Teleconnections in the geo-
potential height field during the Northern Hemisphere winter.
Mon. Wea. Rev., 109, 784–812.

Wash, C. H., J. E. Peak, W. E. Calland, and W. A. Cook, 1988:
Diagnostic study of explosive cyclogenesis during FGGE. Mon.
Wea. Rev., 116, 431–451.

Weisman, R. A., 1996: The Fargo snowstorm of 6–8 January 1989.
Wea. Forecasting, 11, 198–215.

Weismuller, J. L., and S. M. Zubrick, 1998: Evaluation application
of conditional symmetric instability, equivalent potential vortic-

ity, and frontogenetic forcing in an operational environment.
Wea. Forecasting, 13, 84–101.

Weldon, R. B., 1979: Satellite training course notes. Part IV. Cloud
patterns and upper air wind field. AWZ/TR-79/0003, United
States Air Force.

Werstein, I., 1960: The Blizzard of ’88. Thomas Y. Crowell Company.
157 pp.

Wesley, D. A., R. M. Rasmussen, and B. J. Bernstein, 1995: Snowfall
associated with a terrain-generated convergence zone during the
Winter Icing and Storm Project. Mon. Wea. Rev., 123, 2957–
2977.

Wexler, R., R. J. Reed, and J. Honig, 1954: Atmospheric cooling by
melting snow. Bull. Amer. Meteor. Soc., 35, 48–51.

Whitaker, J. S., L. W. Uccellini, and K. F. Brill, 1988: A model-based
diagnostic study of the explosive development phase of the Pres-
idents’ Day cyclone. Mon. Wea. Rev., 116, 2337–2365.

Widger, W. K., Jr., 1964: A synthesis of interpretations of extratropical
vortex patterns as seen by TIROS. Mon. Wea. Rev., 92, 263–
282.

Wolfsberg, D. G., K. A. Emanuel, and R. E. Passarelli, 1986: Band
formation in a New England snowstorm. Mon. Wea. Rev., 114,
1552–1569.

Younkin, R. J., 1968: Circulation patterns associated with heavy
snowfall over the western United States. Mon. Wea. Rev., 96,
851–853.

Zhang, F., C. Snyder, and R. Rotunno, 2002: Mesoscale predictability
of the ‘‘surprise’’ snowstorm of 24–25 January 2000. Mon. Wea.
Rev., 130, 1617–1632.

Zielinski, G., 2002: A classification scheme for winter storms in the
eastern and central United States with an emphasis on
Nor’easters. Bull. Amer. Meteor. Soc., 83, 37–51.



DVD INSTRUCTIONS

The purposes of the enclosed DVD are to give the
user access to all data for the East Coast snowstorms
discussed in the monograph, to provide access to the
PC version of the Gridded Analysis and Display System
(GrADS) graphical display software, and to allow the
user to view some standard meteorological fields for
each storm event.

DISCLAIMER: We provide no technical support for
the information or software included on the DVD, al-
though every effort was made to ensure that GrADS
and the demo viewing programs work successfully. The
validity of information and online links for various doc-
umentation on GrADS and Grib mentioned herein are
the responsibility of those who manage them. Therefore,
we make no claim as to the validity or accuracy of such
information or links.

NOTE: For convenience in this document, the DVD
ROM drive letter is referred to as ‘‘D’’. Please change
accordingly to the appropriate DVD drive letter on your
system. References to ‘‘Microsoft’’ and ‘‘Windows’’ are
registered trademarks of the Microsoft Corporation.
GrADS is trademarked by Brian Doty, Center for
Ocean-Land-Atmosphere Studies (COLA). For
GrADS copyright and no-warranty information, read
‘‘License.txt’’ in D:\PCGrads\win32e.

There is one DVD enclosed, which contains Grib data,
a PC version of GrADS, and a viewing demo program.
The different storm data types are as follows:

• Thirty Selected Storms (divided into two 15-storm
parts, for simplicity)
� Part A, 1956–1972
� Part B, 1978–2000

• Moderate Storms
• Interior Storms
• Ice Storms
• Early-Late Storms
• Historical Storms
• Other Recent Storms

The disk has two main directories: (1) ‘‘Grib�Data’’
which contains all the Grib data for the storms, and
(2)‘‘PCGrads’’ which contains all the files and execut-
ables to run the GrADS graphical software. There are
also four files: (1)‘‘INSTRUCTIONS�README.txt’’
which contains the same information and instructions
given here, (2)‘‘Data�Specifications.txt’’ which gives a
brief description of what data are contained in the Grib
files, and (3)‘‘Display�Demo�1024x768.bat’’ and
(4)‘‘Display�Demo�800x600.bat’’ which run the display

demo program at either 1024x768 or 800x600 screen
resolution.

DATA: The high-resolution analyses for each event
were obtained by employing the National Centers for
Environmental Prediction’s (NCEP) Global Forecast
System (GFS) model data assimilation. Data from the
NCEP/NCAR Reanalysis (Kalnay et al. 1996; Kistler et
al. 2001) as well as other observed and satellite data
were incorporated into the GFS’s assimilation system
to create the resulting analyses.

All data are in the gridded binary (Grib) format,
which is a standard for the exchange of meteorological
data. For more information on Grib, see the office note
on Grib at http://www.nco.ncep.noaa.gov/pmb/docs/
on388. Further information on Grib files and their re-
lation to GrADS can also be found on the GrADS Web
site at http://grads.iges.org/grads. If desired, one is free
to download or copy the Grib files from the DVD onto
their own system.

The data are stored on the disk in D:\Grib�Data. With-
in that directory, there are subdirectories for each storm
type (e.g., ‘‘Thirty�Selected�B’’ or ‘‘Moderate’’), and
within each of those subdirectories are further subdi-
rectories for each storm event of that type. The event
subdirectory names indicate the beginning year, month,
day, and hour of the storm, and have the format
YYYYMMDDHH (YYYY�year, MM�month,
DD�day, HH�hour, such as 1993031200 for the 12
March 1993 storm). These contain all the Grib files for
that particular event at 6-hourly increments as well as
the GrADS control (.ctl) and index (.idx) files re-
quired for graphical display by GrADS. Grib file names
within the event subdirectories have a similar
YYYYMMDDHH format with a ‘‘pgb’’ prefix (e.g.,
pgb1993031200 for the Grib data at 00 GMT on 12
March 1993). Note that the hour (HH) is given in GMT,
Greenwich Mean Standard (or ‘‘Z’’) Time.

As an example, the 12 March 1993 snowstorm Grib
data would be in D:\Grib�Data\Thirty�Selected�B\
1993031200. The Grib files within that directory would
be pgb1993031200, pgb1993031206, . . . , etc., and the
GrADS control and index files would be
pgb1993031200.ctl and pgb1993031200.idx, respec-
tively (note that there is only one each of the
GrADS .ctl and .idx files to cover an entire event
and these files are denoted by the beginning
YYYYMMDDHH).

Data in all the Grib files cover a broad geographical
area in the horizontal, extending from 0–180 degrees
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west longitude and 10–80 degrees north latitude, at 1�1
degree longitude/latitude resolution. In the vertical, data
are stored on pressure surfaces. Variables are in general
defined vertically from 1000 hPa up to either 100 or 10
hPa (26 or 21 levels, respectively); however, there are
also several defined at other specific levels (e.g., at the
surface, 10 m above the surface, at the 2-PV unit level,
etc.). See the ‘‘Data�Specifications.txt’’ file for a listing
of all variables that are in the Grib files.

Because the GEMPAK graphical software is also
widely used, particularly in educational institutions, it
is possible to easily convert Grib files into the corre-
sponding GEMPAK grid file format via the use of the
‘‘nagrib’’ (or similar) routine in GEMPAK. Those fa-
miliar with GEMPAK and who have it installed should
refer to any documentation they may have on this soft-
ware. As noted above, one can copy/download the Grib
files from the DVD onto their own system.

GrADS DISPLAY SOFTWARE (requires Microsoft
Windows 95 or higher):

GrADS is a convenient interactive desktop tool for
displaying and manipulating meteorological data. Be-
cause it can directly work with Grib files, there is no
need to convert from Grib to another gridded format.
For further information and documentation on GrADS,
see the GrADS Web site at http://grads.iges.org/grads.
There is also information contained on the DVD, such
as ‘‘Getting�Started.html’’ in D:\PCGrads\win32e, and
‘‘Users�Guide.html’’ or ‘‘Tutorial.html’’ in D:
\PCGrads\doc\gadoc. For those familiar with GrADS or
who are more adventurous, it is possible to run GrADS
on your own directly from the DVD by double-clicking
on ‘‘Grads.exe’’ in D:\PCGrads\win32e. Please note that
the program might be a bit slow in loading after the
initial choice is made for landscape/portrait mode, and
thus take a couple of minutes for the GrADS prompt to
appear.

PC GrADS is included on the disk, and is self-con-
tained in the sense that there is no need to download it
onto one’s system in order to run it. This version of
GrADS is intended to be used only on a system running
Microsoft Windows 95 or higher, and does not re-
quire an X-Server. See http://grads.iges.org/grads/
Getting�win32e�Started.html for more information on
this PC version of GrADS. If you want to install the
software on your own computer, visit the GrADS soft-
ware download site at http://grads.iges.org/grads/
downloads.html. Here, you’ll have download options for
many different platform types. Note that the GrADS
scripts which run the display demo (discussed below)
are only contained on the DVD, and are not a part of
the standard GrADS software download.

SNOWSTORM DISPLAY DEMO (requires Micro-
soft Windows 95 or higher):

The display demo supplied on the DVD enables the
user to loop through several fields for each Kocin-Uccel-
lini event. To run the display program, access the DVD
ROM drive in which you placed this DVD (e.g., via ‘‘My

Computer’’). In the root directory of the drive (D:\), there
are two files called ‘‘Display�Demo�1024x768.bat’’ and
‘‘Display�Demo�800x600.bat’’ for running the demo at
either 1024x768 or 800x600 screen resolution. Double-
click on either file, and the display demo program will
start at the chosen resolution. You may have to click on
the GrADS graphics window (identified by ‘‘GrADS’’
on the window title bar) to bring it to the foreground if
it is ‘‘covered up’’ by other windows once the program
begins.

You are first presented with a choice of storm type(s)
contained on the disk. Single-click on the desired type
(for all menus in the display demo, you’ll only need to
single-click). After making a choice, a listing of events
is shown in DDMMMYYYY format (DD�day,
MMM�3-letter abbreviated month, YYYY�year, such
as 12MAR 1993); the event dates reflect the beginning
dates of the storms. Click on an event, and you are then
presented with a choice of fields to display and loop
through. These fields include:

• 200 hPa heights and isotachs: The plots display the
evolution of the heights (solid black contours every
12 decameters) and wind isotachs (color shaded every
10 m/s from 50 to 90� m/s).

• 300 hPa heights and isotachs: The plots display the
evolution of the heights (solid black contours every
12 decameters) and wind isotachs (color shaded every
10 m/s from 50 to 90� m/s).

• 500 hPa heights and vorticity: The plots display the
evolution of the heights (solid black contours every
6 decameters) and vorticity (color shaded every 4 units
from 20 to 40� units, where a ‘‘unit’’ here is 1x10�5

s�1).
• 700 hPa heights, relative humidity, vertical veloc-

ity: The plots display the evolution of the heights
(solid black contours every 3 decameters), relative
humidity (color shaded at the 70% and 90% levels),
and vertical velocity (solid orange contours every 5
	bar/s, negative values only, up to zero).

• 850 hPa heights and temperature: The plots display
the evolution of the heights (solid black contours ev-
ery 3 decameters) and temperature (dashed contours
every 5�C, red �� 5�C, blue �� 0�C).

• Sea-level pressure and 1000–500 hPa thickness:
The plots display the evolution of the sea-level pres-
sure (solid black contours every 4 hPa) and 1000–
500 hPa thickness (dashed contours every 6 deca-
meters, red ��546 dm, blue �� 540 dm).

After selecting one of the fields, the screen will clear
and a plot of the first time period of that field will be
displayed. There are 3 buttons on the upper left labeled
‘‘Fwd’’, ‘‘Rev’’, and ‘‘Save’’ (note that the first time
period only has the ‘‘Fwd’’ and ‘‘Save’’ buttons, while
the last time period only has ‘‘Rev’’ and ‘‘Save’’). Click
on ‘‘Fwd’’ or ‘‘Rev’’ to loop the field forward or back-
ward in time, respectively, at 6-h intervals. On the upper
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right, there are 2 buttons labeled ‘‘New Field’’ and
‘‘Exit’’. These enable you to return to the ‘‘choose field’’
menu or to exit the demo display completely. A title at
the top of each plot indicates the field being displayed
as well as the date/time.

On any given plot, click the ‘‘Save’’ button to store the
image in GIF file format (.gif) on your hard drive. This
causes a dialog box to appear verifying whether you wish
to save the image file to C:\. Click ‘‘Yes’’ to proceed with
the save or ‘‘No’’ to not save. Choosing ‘‘Yes’’ stores the
plot in the root directory of your C drive, i.e., in C:\ (note
that if you do not have a hard drive called ‘‘C’’, this
saving mechanism will not work correctly). Filenames
have the format HHZDDMMMYYYY�PPP�grads.gif
(HH�hour in GMT, or ‘‘Z’’, time, DD�day, MMM�3-
letter abbreviated month, YYYY�year, and PPP�level;
e.g., 12Z12MAR1993�500�grads.gif is the saved plot for
12Z 12 March 1993 at 500 hPa). You can then re-name
and move any saved files as desired. This file naming
convention should be unique enough to avoid overwriting
any existing files in your C:\ directory, but do be cautious
and make sure before saving any of the images.

Note that it is possible to ‘‘back out’’ through the
menus, i.e., from the plot display you can click on ‘‘New
Field’’ to return to the field choice menu for that event;
from the field menu you can click on ‘‘New Event’’ to
get the event listing of storms for that type; and finally
from the event listing you can click ‘‘Storm Type
Menu’’ to return to the original main menu listing the
storm types on that disk. On all menus, there is an
‘‘Exit’’ button to exit the display demo program.
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